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The implantation of helium ions into lithium niobate produces a 
reduction in its' refractive indices, due to radiation damage 
produced close to the end of the ion trajectories. This reduction 
can be utilised to form the boundaries of optical waveguides, 
which form the basis of any integrated optical circuit. 
Stripe waveguide fabrication using ion implantation has been 
demonstrated for the first time in this work. Firstly a buried 
damage layer was formed to define the depth of the waveguide, 
followed by additional implants around a gold mask to form the 
waveguide sidewalls. The gold mask was used to protect the 
guiding region during the latter implantation process. 
The waveguides were evaluated using the end-fire coupling 
technique to excite individual modes. Propagation loss and modal 
dimensions were determined experimentally for the fundamental mode 
of each guide, and it was shown that these properties are 
sensitive to both the ion energy of the wall implants, and the 
number of wall implants. Each of these two variables affects the 
propagation loss in the opposite sense to the other, and therefore 
the lowest propagation loss becomes dependant on the trade off 
between these two effects . The lowest loss of the waveguides 
presented in this thesis was found to be ::::1 dB/em, and it is 
expected that this figure may be further reduced by the 
optimisation suggested in the conclusions of this work. 
Additional results are presented which consider the electrooptic 
and photorefractive properties of ion implanted Li.Nb03. Previous 
work of others suggested that the electrooptic effect would be 
considerably reduced in the implanted material, but the results 
were much more encouraging, showing a reduction of only ::::20% in 
the r13 electrooptic coefficient. Furthermore, one of the most 
serious drawbacks of Ti:indiffused waveguides is the undesirable 
reduction of the output 
effect, which has been 
presented in this thesis. 
intensity due to the photorefractive 
shown not to affect the waveguides 
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Chapter 1 
Introduction 
1.1 Introduction 
In recent years, the production of low loss, single mode 
optical fibres, has led to the development of optical 
communications systems with significant advantages over 
conventional electronic systems [ 1.1] . The majority of 
the signal processing, however, is still performed 
electronically, following conversion from an optical to an 
electrical signal. Consequently, it is the aim of the 
technology known as integrated optics, to perform these 
functions, as far as is possible, without the need to 
convert the optical signal to an electrical one. 
Two approaches to the problem have been adopted. Firstly, 
semiconductors have been utilised to produce integrated 
optical devices, since waveguides, sources, and detectors 
can be formed in these materials, and secondly, 
ferroelectrics have been used, particilarly lithium 
niobate ＨｌｾＳＩＬ＠ to produce devices such as switches and 
modulators. Although considerable work has been completed 
in both fields, devices reaching the production stage have 
been limited to those produced in LiNbOg. Despite 
considerable advances in the LiNb03 technology, there are 
still some serious drawbacks of the conventional 
fabrication techniques • consequently the work described 
in this thesis has been concerned with the investigation 
of an alternative method for the fabrication of stripe 
waveguides, which utilises the ion implantation process, 
which is an established microelectronics fabrication 
technique. Although some work has been produced on the 
applications of ion implantation to integrated optics, 
this has been limited to the physical effects of 
implantation into LiNb03 (e.g ( 1. 25] ) , or the study of 
planar waveguides ( e.g ( 1. • 26] ) • With the exception of 
reference [ 1. 27] , in which ion implantation was combined 
with Ti-indiffusion to produce stripe waveguides, no work 
has previously been reported in which stripe guides have 
been fabricated using ion implantation, and it is this 
development of the subject that this work has advanced. 
The thesis may be conveniently considered as four parts. 
Firstly chapter 1 reviews previous work in related fields 
from which useful information may be drawn, and identifies 
particularly relevent results, thereby providing both a 
background and an introduction to the work described in 
the remainder of the thesis. 
Chapters 2, 3 , and 4 describe the experimental and the 
theoretical techniques that were utilised to obtain and 
analyse results. In this section the fabrication 
technique is also described since this process required 
considerable development, and because it is the first time 
that the process has been successfully used to produce 
stripe waveguides. Other processes used in this work are 
merely referenced, either because they were not 
established purely for this project, or because they are 
well documented elsewhere and understood. 
The third part of this thesis constitutes chapters 5 and 
6, in which experimental results are presented and 
discussed, and use is made of the theoretical techniques 
described in chapter 2. Separate sections are included 
for attenuation results and their relationship to 
fabrication parameters, modal dimension results and the 
variation thereof, together with sections for the 
investigation of the electrooptic and photorefractive 
effects in ion implanted LiNb03. Where relevent, the 
results are also compared to similar work published 
elsewhere. 
2 
The final section of the thesis is contained in chapter 7, 
in which the findings of the work are drawn together and 
discussed. Relevent conclusions are drawn, and any 
matters arising from the discussion are presented as 
suggestions for future work. 
l.. 2 Int:roduction to Integrated Optics 
Following the proposals of Miller [1. 38] in 1969 for 
miniature circuitry which he called 'Integrated optics' , 
considerable effort has been devoted to to this 
technology, particularly since successful implementation 
of low loss optical fLbre systems have been demonstrated, 
promising large bandwidth and high frequency transmission. 
Furthermore, an extensive range of work has been 
completed, 
advantages 
processing. 
demonstrating some of the significant 
of optical communications and signal 
Two groups of materials have emerged as the most promising 
for integrated optics. These are the II I-V 
semiconductors, [ 1. 2] , and the ferroelectric a, such as 
Lithium Niobate. Complete integration of devices, 
including sources and detectors can only be realised in 
the semiconductor materials since optical sources and 
detectors cannot be fabricated in ferroelectric materials. 
Semiconductors are however, less efficient than their 
ferroelectric competitor (Lithium Niobate) ｾｯｲ＠ modulation 
purposes, since LiNb03 has much larger acoustooptic and 
electrooptic coefficients. 
Most of the work in the early 1970's, using semiconductor 
materials was conducted using GaAs and GaARAs, at a 
wavelength of 0. 85pm, since this wavelength corresponded 
to good transmission properties of glass optical fllires 
[1.3], and was directed towards the realisation of light 
sources [1.4). More recently effort has been applied to 
the GainAsP semiconductor system, which is capable of 
producing light at wavelengths of ＱＮＳｾ＠ and ＱＮＵＵｾ＠
3 
I 
! 
corresponding to low loss windows in modern silica optical 
fibres [1.. 5]. The production of good quality waveguides 
and modulators in these semiconductors has been less 
successful [1..6], which has led to further advancement of 
hybrid systems, utilising semiconductor sources and 
detectors, coupled to ferroelectric substrates. 
Of the ferroelectrics, LiNb03 material has received 
considerably more attention than any of the others, and 
has therefore formed the basis of the most advanced of 
current integrated optical technologies. The reason for 
continued interest in LiNb03 are its large acoustooptic, 
and electrooptic coefficients [1.7], making it a suitable 
material for modulation and switching applications. Since 
the work of this thesis is based on LiNb03, it is 
appropriate at this point to provide some of the 
fundamental and relevant properties of the material. 
These are given in Table 1.1 [1.8]. 
Chemical. Formula 
Molecular Weight 
Density (230C) (gjcm3) 
( 25°C) 
Solubility Insoluble 
LiNb03 
1.47.85 
4.628 
4.64 
in water 
dilute acids 
Curie Temperature Tc (°C) 
Melting Point (°C) 
Refractive indices (A 600 ft) 
Electrooptic coefficients {l.o-12 m/v) 
(constant strain) 
(A = 6328 1\.) 
1.210 
1260 
nO 
ne 
r33 
r13 
r22 
r42 
2.2967 
2.2082 
30.8 
8.6 
3.4 
= 28.0 
ｔ｡｢ｾ･＠ ｾＮｬＮ＠ Pl:Operties o£ Lithium Nioba.te 
4 
and 
1.2.1 
In order that LiNb03 is useful in integrated optics, 
selective modification of the material is necessary. The 
primary technique used to date, is the indiffusion of 
titanium, to increase the refractive index of the doped 
region [1.9]. Typically, changes in refractive index are 
less than 1%, and ･ｸｨｾｩｴ＠ some aging effects, but despite 
some of the disadvantages of this process, it has emerged 
as the most advanced technology currently utilised in 
ｌｾＳＬ＠ and has been used for the development of complex 
circuits such as modulators [ 1.10] , and analogue-
to-digital converters [1.11]. 
The technique of proton exchange [1.12] has also emerged 
as a successful fabrication technique, providing large, 
reproducible index changes (>5%). The change however, only 
affects the extraordinary index. This process has also 
been combined with titanium indiffusion in the so called 
TIPE process (1.13]. 
other techniques have also been used to form waveguides in 
LiNb03 such as the sputtering of LiNb03 onto sapphire 
[1.14], and the out-diffusion of lithium oxide [1.15], but 
these technologies are limited in their application and 
have, therefore, not been further developed. 
The first use of Ion Implantation to form optical 
waveguides was reported i.n 1968 when Schi.neller et a1 
bombarded fused silica with protons [1.16]. The technique 
was not applied to LiNb03, however, until 1974 when Wei et 
al bombarded a sample with argon [ 1.17] . 
Ion Imp1antati.on into LiNb03 
In 1974 Wei et al [1.17] reported a reduction in the 
refractive index (N10%) of L1Nb03 when implanted with 60 
keV argon ions to a dose of 1ol.6 cm-2. successive 
etchings and Talystep measurements, together with 
refractive index measurements of the surface, showed that 
5 
the refractive index remained constant to a depth of 
approximately 140 nm, before changing abruptly to the 
refractive index of the substrate. 
Later work by Destefanis et al [1.18], also demonstrated 
the reduction in refractive index, in this case reporting 
a change in the ordinary refractive index of -7 ± 1%. They 
also suggested that the reduction in refractive index was 
due to radiation damage ｰｲｾ｡ｲｩｬｹ＠ caused by nuclear 
collisions, 
noteworthy 
and being 
part of 
independent 
this work 
of ion species • 
reported that 
A 
the 
electrooptic coefficients of LiNb03 were reduced in ion 
implanted material. The value of the large r33 and the 
coefficients [1.21] were reported to have been 
reduced to 30% and 60% of their original values 
respectively. 
optimised and 
showed that 
The experimental method however 1 was not 
needs further investigation. However, it 
ion implantation does not destroy the 
electrooptic effect in LiNb03. 
In 1980 wenzl1k et al [1.20] produced a refractive index 
profile of ｌｾＰＳ＠ that had been implanted with helium, at 
an energy of 350 keV with ion doses of 1016 cm-2 and 2 x 
1016 cm-2. The refractive index was measured by 
reflectivity methods, and by successively removing thin 
surface layers. The results are shown in Fig. 1.1. They 
further reported that the refractive index profile 
corresponded to the radiation damage profile. The authors 
did not, however, observe a saturation level of refractive 
index change, as seen by Destefanis et al [1.18]. 
Karge et al [ 1. 22] performed implantation of N+, o+ I and 
Ne+ ions into Y-cut LiNb03, with ion doses from 1o14 cm-2 
to 5 x 1016 cm-2. The ion energy was 150 keV for N+, 170 
keV for o+, and 240 keV for Ne+, such that approximately 
the same depth was obtained for the damage region in each 
case. Refractive index measurements 1 shown in Fig. 1. 2, 
were obtained using optical reflectivity. Similar dose 
dependencies were observed for N+ and Ne+ implantation, 
demonstrating that the reduction in refractive index is 
6 
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A 
insensitive to ion species. The results were in good 
agreement with those of Destefanis [1. 9]. In this case 
changes of refractive index, approaching saturation, of 
-7 . 2 ± o . 7% for the ordinary index, and -4. 9 ± o. 7% for 
the extraordinary index were obtained. 
They also measured disordered, Nb atoms, by Rutherford 
Backscattering Spectrometry (RBS), for the Ne+, o+ and N+ 
implanted material [1.22], as shown in Fig. 1.3. 
Initially the crystal damage increases slowly with dose, 
and then rises sharply for higher doses. 'Amorphisation' 
was reported at doses of about 2 x 1015 cm-2. 
Following the demonstration of reduced refractive index, 
the technique of ion implantation began to be used to form 
optical waveguides. Since the waveguide must consist of a 
region of high refractive index, bounded by regions of 
lower refractive index, the buried radiation damaged 
region was used as the lower waveguide boundary, 
confining light to the undamaged region above, in a planar 
waveguide. The depth of the waveguide was determined by 
the ion energy, and the refractive index change determined 
by the ion dose. 
This buried region can be formed if the incident ions have 
sufficient energy. Ions must pass through the guiding 
layer before giving up the remainder of their energy in 
nuclear collisions. As they pass through the guiding 
region with high velocity, ionisation losses cause only 
minor crystal damage [ 1 . 25] which can be reduced by 
subsequent thermal annealing [ 1. 18] . In order that 
useful depths can be obtained for the damaged regions, at 
realisable energies, an energetic light ion is required as 
the implant ion. Consequently, several workers have used 
He+ ions with energies up to 2MeV ( e.g. [ 1.19] ) . These 
workers tended to characterise their waveguides in 
physical rather than optical terms. 
9 
ｾ＠
E 
0 
0 
I 
ｾ＠
't) 
ｾ＠
ｾ＠
ｾ＠
ﾷ ﾷ ｾ＠Cl 
'/• 
700 
75 
50 
2S 
0 
7 011. 
L tNb03 
o--o.f--+-•+-o*--
1 
Jon dose 
o Ne +I 21.0 kGV) 
• 0 + f 170 keV} 
+ N+ (150keV} 
Fig. 1.3 Fraction N/No of Nb scattering centres 
in the implanted layer, measured by RBS, 
as a function of the ion dose. 
(after [1. 22]) 
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In 1981 King et al [1.24] measured the attenuation of ion 
implanted planar waveguides, for various ion doses, and 
ion energies, producing guides with a minimum attenuation 
of 0.7 dB/em, utilising a combination of implant energies. 
Gotz et al [ 1 . 25] also measured attenuation for planar 
waveguides, determining an optimum implant energy. Naden 
and Weiss [1.26] produced a more thorough characterisation 
of the optical parameters of planar waveguides, by 
studying the propagation constant and attenuation of the 
guides for different ion energies and doses. Figures 1.4a 
and 1. 4b show plots of attenuation versus energy for TE 
and TM polarisations [1.26]. 
The work reviewed thus far has been based upon planar ion 
implantation. The first application to stripe optical 
waveguides was reported in 1982 when Heibei and Voges 
[1.27] combined the technique of Ti-indiffusion with that 
of ion implantation to produce stripe waveguides and 
modulators. The Ti-indiffusion was used to form a planar 
guide, and implantation was used to produce laterally 
confining waveguide wall.s. The guides produced by the 
combined technology exh1bited single mode behaviour for 7 
ｾ＠ widths, whereas Ti-indiffused guides manufactured from 
Ti strips Ｗｾ＠ wide exh1bited 3 lateral modes, 
demonstrating the control offered by ion implantation. 
waveguide attenuations were not measured directly, but 
overall transmission losses were measured. Higher l.osses, 
by 6-8 dB, were obtained for the devices made by the 
combined technique. These losses were attributed, in part, 
to the edge roughness of the implantation mask, which in 
turn caused scattering losses. 
In 1983 the the work of Barfoot and Weiss [1.28] aided the 
design of ion implanted waveguides when they produced a 
fifth order polynomial fit to determine radiation ·damage 
ranges in helium implanted LiNb03, for high energy ions 
(up to 2 MeV) . The results were based only on the Nb 
J.J. 
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damage profiles, determined by analysis with a high energy 
channelling beam and, when corrected to the damage range, 
the polynomial fit is as follows:-
Ro 0.975 exp[Ko + K1(lnE) + K2(lnE)2 
+ K3(lnE)3 + K4{lnE)4 + Ks(lnE)5] 
where, 
+1.970496, 
+5.254263 x 1o-2 
+2.452610 x 10-3 
+9.840678 x 1o-1 
-2.615660 x 1o-2 
-3.028347 X 1Q-5 
This work produced a relationship between optical and 
physical parameters over a wide energy range, thus forming 
a useful aid in determination of optical properties. 
In 1986 the first stripe waveguides fabricated entirely by 
ion implantation were reported by Reed and Weiss [ 1 . 2 9] , 
demonstrating relatively low losses. This research forms 
part of this thesis, and will, therefore, be discussed in 
later chapters. 
1. 3 The E1ectrooptic Effect 
Since the electrooptic effect is a major reason for 
current investigation of ｌｾＳ＠ for integrated optics, it 
is appropriate to include a brief section ､･ｳ｣ｲｾｩｮｧ＠ some 
of the work to date. 
The linear electrooptic effect provides a refractive index 
change which is proportional to an applied electric field. 
The sign of the refractive index change depends on the 
electric field direction within the crystal, and is 
defined by the tensor relationship. 
3 
r: rij Ej j = 1 
14 
where i = 1-6 and rij is a 6 x 3 electrooptic tensor. Ej 
is the applied electric field, where j represents the 
principal crystal directions • The largest electrooptic 
coefficient in LiNb03 is the r33 coefficient. For Y-cut 
LiNb03, with a field applied along the z axis, the 
extraordinary ray will see a refractive index change 
of: [1.21] 
This temporary change in refractive index is the basis of 
many of the optical devices that have been investigated; 
e.g. [1.30 - 1.33], notably the integrated optical version 
of the Mach-Zehnder interferometer[l. 34], which has 
received considerable attention. Many experimenters have 
also used various techniques to measure the numerous 
electrooptic coefficients of ｌｾＳＬ＠ e.g. [1.35- 1.37]. 
To date, however, 
coefficients of 
no-one has accurately determined the 
ion implanted LiNb03. Preliminary. 
measurements of Destefanis et al [1.21] suggested that the 
electrooptic effect may be diminished in ion implanted 
material, but their experiments were not optimised. It 
was one of the aims of this work to test these 
suggestions . The results of such experiments are of 
particular significance since successful modulation is 
the continued success vital for 
integrated optical technology. 
of the ion implanted 
The results of 
electrooptical measurements made in this work are 
discussed in chapter 6. 
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Chapter 2 
'l'heo:ry 
2.1 Xntxoduction 
The theoretical discussion in this chapter divides 
naturally into three parts; firstly the theory related to 
propagation in stripe waveguides, including the modelling 
of waveguide behaviour, secondly the theoretical treatment 
of waveguide excitation, and finally a discussion of the 
electrooptic effect and related calculations. 
2.2 Dielectric Waveguides 
2.2.1 
This section gives an introduction to the planar 
dielectric waveguide, and to the more complex stripe 
waveguide and includes a description of the model used in 
this thesis for stripe waveguide behaviuor. 
The step-index p1anar waveguide 
The step-index planar waveguide consists of three regions 
{fig. 2.1), each having a constant refractive index, 
thereby producing a step discontinuity at the two 
interfaces of the structure. The regions are known as the 
cover, film, and substrate, and are reffered to using the 
subscripts c, f, and s respectively. The refractive 
indices are chosen such that: 
The structure is conveniently analysed using the ray 
optical method [ 2 .1], and yields an eigenvalue equation 
describing propagating modes: 
k n£ h cosem - { 4-c + 4rs) m 1T 
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h 
ｾｩｧＮ＠ 2.1 The planar waveguide structure 
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where 
knf the wavevector in the direction of the wave normal 
k 2TT/'A 
x free space wavelength 
n£ refractive index of the ｦｩｾ＠
h ｦｩｾ＠ height 
em mode angle 
$c ｾ＠ phase change at the fi1mjcover interface 
ｾｳ＠ phase change at the film/substrate interface 
The values of $c and $s are obtained from the Fresnel 
equations [2.2] given below: 
for T.E. polarisation: 
nf cos em 
for T.M. polarisation: 
= [ ｮｾ＠
n!,c 
ｴ｡ｮＨ＼ｾＧ＠ ] s,c 
For a guided mode of a planar waveguide the propagation 
constant a is given by: 
{3 = k nf sinem, 
and in order to compare waveguides it is often convenient 
to use an 'effective guide index', N, defined as 
N = 13/k. = nf sin 9m, 
In practical planar waveguides the mode angle 9m can be 
determined using the prism coupling technique [2.3], 
thereby relating theory to ･ｸｰ･ｲｾ･ｮｴＮ＠ Typical values of 
e are in the range 70° ｾ＠ e ｾ＠ 90° [2.4]. 
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2.2.2 Stripe waveguides 
The analysis of stripe waveguides is more complex than 
that of planar waveguides, since they do not support pure 
T. E • or T. M. modes [ 2 • 6 ] , and require the solution of 
complex expressions. Numerical techniques have been used 
[2.6] to produce such solutions, but Marcatili has shown 
[2.5] that several ｳｾｰｬｩｦｹｩｮｧ＠ assumptions can be made to 
produce approximate solutions which compare favourably 
with those produced by the more complex methods. 
The waveguide structure used by Marcatili is shown in 
figure 2.2. The notation is consistent with that used by 
him, but is not representative of the axes of the LiNb03 
crystal used in this work. The refractive indices of the 
four shaded areas are not specified since, for well 
confined modes, the field decays exponentially in regions 
2, 3, 4, and 5, and therefore most of the power travels in 
region 1, a small amount travels in regions 2, 3, 4, and 
5, and even less in the shaded regions. Consequently the 
fields in these regions are neglected when considering the 
problem of field matching at the waveguide boundaries. 
The propagating modes of stripe waveguides can be 
separated into two distinct groups, Epqx and EpqY • The 
main components of the first group are Ex and Hy. The 
sub-indices p and q denote the number of field maxima in 
the x and y directions respectively. Cleariy the E11x and 
the E11Y are the fundamental modes. 
The use of the approximate solutions of Marcatili in this 
work are justified since the exact refractive index 
profiles are not known, and step-index profiles have been 
used elsewhere [2.7] and shown to be a good approximation. 
The assumptions of Marcatili result in the approximate 
expressions for the propagation constants of stripe 
waveguides given below: 
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Fig. 2.2 The stripe waveguide structure (from [2.5]) 
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The EpqY modes: 
The ｅｾ＠ modes: 
kz = [ k12- ｛ｮｾ｝ Ｒ ｛Ｑ＠ + ｮＳＲａｾｮＺ Ｒ ＺｳＲａｳ｝Ｍ Ｒ Ｍ [n:] 2[1 + -A2 :bA4]-2 ]112 
where 
k]. ( 2rrn1 }/A. 
p the number of field maxima in the X direction 
q the number of field maxima in the y direction 
a waveguide width 
b = waveguide depth 
Aj = A./(2{n12- nj2}1/2) j 2 to 5 
A computer was used to evaluate the propagation constants 
and the number of modes supported by a waveguide of known 
parameters using the above analysis. 
2.3 Waveguide excitation 
There are numerous ways in which an optical beam can be 
coupled into a given waveguide, . e.g. grating couplers, 
fibre to waveguide couplers, or tapered planar to linear 
coupl.ers [ 2 • 8 ] . In this section two forms: of excitation 
are discussed; the prism coupl.er and the so-cal.led 
end-fire coupling system, since these methods are the most 
suitabl.e for the work described in this thesis. 
Prism coupling 
Prism couplers are of ｾ･ｮｳ･＠ value to integrated optical. 
experimenters as they can selectively excite individual 
modes in a multimode waveguide and can therefore provide 
discriminating angular information of each mode, which in 
turn can give some insight into the dimensional structure 
25 
of the waveguide itself [2.3,2.8). Considerable attention 
has been paid to the operation of prism couplers, 
particularly during the early 1970's [2.9 -2.12], notably 
by Tien and Ulrich. More recently Naden (2.4] pointed out 
some of the deficiencies or the earlier theories when 
applied to current technologies. 
The prism coupler has been used extensively for planar 
waveguide evaluation [2.3], but relatively little work has 
been reported concerning the application of prism coupling 
to stripe waveguides. This is probably due to the 
practical difficulty involved, and the fact that the 
technique cannot be regarded as a pennanent means of 
coupling, as compared, for example, to a filire to 
waveguide end-fire coupling system. Some prism coupling 
to stripe waveguides has been studied [ 2 .13, 2 .14] , but 
this has been limited to isotropic waveguide materials. It 
is possiJJle to apply the prism coupler to anisotropic 
media (such as Li.N.b03 ) as follows . The analysis also 
allows for an anisotropic prism material such as rutile 
(Ti02). 
Marcatili ( 2 . 5 ] has shown that the modes of a stripe 
waveguide can be represented by two orthoganal propagation 
constants and therefore by two orthoganal mode angles. The 
particular system of a rutile prism and a Y-cut 
X-propagating LiNb03 waveguide is used to illustrate the 
method. In order to derive a general relation it is 
convenient to define a ser.ies of coordinate systems, as 
shown .in Figs . 2 . 3a and 2 • 3b. The opt.ic axis of the 
ｌｾＳ＠ waveguide is assumed to be aligned with the z axis, 
and that of the rutile prism is aligned with the z' axis. 
The waveguide is in the xz plane, as is the bottom face of 
the prism, and the prism front-face is in the y'"z" plane. 
A is the prism angle and p is the angle by which the prism 
is misaJ.igned. 
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Fig. 2.3a Co-ordinate systems and vector Rw referred to 
in text-shaded angles are to improve clarity 
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Fig. 2.3b Prism and Waveguide configuration. Directions 
of the axes defined in Fig. 2.3a are shown 
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Let the ray direction in the waveguide by given by the 
direction of the vector ｾＨ＠ rw, ew 1 ｾＩ＠ where 9w corresponds 
to the planar mode angle and 4W to the 2nd or vertical 
mode angle for an X-propagating waveguide. In 
anisotropic media the directions of the ray and the wave 
normal are not necessarily coincident 1 and to determine 
the direction of the wave normal it is necessary to 
consider the wave velocity surface w(x,y,z) [2.15]. rw is 
then chosen such that ｾ＠ is a vector from the origin to a 
point on the wave velocity surface. A unit vector in the 
direction of the wave normal is [2.16] 
w 
-w '!._WI IVwl ••• ( 1) 
For the ordinary wave, which for Y-cut, X-propagating 
LiNb03 corresponds to TM polarisation, the wave velocity 
surface is spherical (equation {2)) and 
w is in the same direction as R • 
-w -w 
x2 + y2 + z2 ••• ( 2) 
However, for the extraordinary wave ( TE polarisation) 
w( x, y, z ) is an ellipsoid ( equation ( 3 ) ) and the ray and 
wave normal are not generally collinear. 
x2 n2 + y2 n2 + z2 n2 
· e e o 
l ••• ( 3) 
In equations ( 2) and ( 3) no and ne are the ordinary and 
extraordinary 
respectively. 
indices of the waveguide 
Similarly, let the ray direction in the prism be ｾ＠
( rp, 9p, 4p) which again is a vector ending on the wave 
velocity surface of the prism which we will assume is made 
of rutile. The wave velocity surface equations are most 
easily written in the x'y'z' coordinate system in which 
the ordinary and extraordinary wave surfaces are spherical 
(equation ( 4)) and ellipsoidal (equation ( 5)) 
respectively. 
• •• ( 4) 
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x•2 n '2 + y•2 n '2 + z•2 n '2 
e e o 
1 ••• ( 5) 
In equations ( 4) and ( 5 } no' and ne' are the ordinary and 
extraordinary refractive indices of the rutile prism 
respectively. Multiplication by a suitable rotation matrix 
(equation (6}). [2.16] then gives w'(x,y,z). 
X 
y 
z 
cosp 
0 
sinp 
o -sinp X 
1 0 y ••• ( 6} 
0 cosp z 
The wave normal direction in the prism is then 
w 
-p ••• { 7) 
For coupling to occur across the interface the phase-match 
condition which must be satisfied is 
n W (x) 
w -w 
.... 
n W (x) p -p ••• ( 8) 
where nw = 1/rw and np = 1/rp are obtained by substituting 
spherical coordinates ( r, e, <1>) into the equation for the 
appropriate wave velocity surface (2)-(5). Thus the 
components of the propagation constants parallel to the 
interface ( x and z ) are equal in both media. For 
isotropic media ( 8 ) reduces to Snell' s Law. 
A similar approach can be taken at the prismjair interface 
where, due to the isotropic nature of air, some 
s±mpl.i.ficati.ons are ｰｯｳｳｾｬＮ･＠ because the wave normal. 
always coincides with the ray direction. However, as the 
phase-match condition relates the components parallel. to 
the interface, transformation to the x" y" z" coordinate 
system using equation ( 9 ) is required, the relevant 
components being y" and z" • 
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2.3.2 
" X 
II 
y 
" z 
Hence 
cosAcosp 
-sinAcosp 
sinp 
,.. 
n W (y") p -p 
n ｾｩ＠ ( z") p -p 
sinA 
cos A 
0 
-cosAsinp 
sinAsinp 
w (y") 
-a 
W (Z") 
-a 
cosp 
where w is the wave normal direction in air. 
-a 
"' 
X 
y 
•• ( 9) 
z 
As w = R ( r , e , ｾ＠ ) , where R is the ray direction in air 
-a -a a a a 
and ra 1, the coupling direction is therefore 
determined. 
Thus, for given mode angles measured in air, it is 
possible to relate these angles to those of the mode in 
the waveguide, and thus, for guides with several modes, it 
may be possible to determine the waveguide dimensions • 
This treatment is similar to the treatment of planar 
waveguides which have only one synchronous angle [ 2. 3], 
but it allows greater flexibility in that, if the second 
mode angle, ｾＧ＠ is considered to be an in-plane scattering 
angle of an equivalent planar waveguide, then modelling of 
the characteristic m-line of the planar waveguide is 
possible, together with an evaluation of the effect of 
prism misalignment [2.17]. 
End-fi.:m coupling 
End-fire coupling is an attractive means of exciting 
stripe waveguides, either by butting an optical fibre up 
to the waveguide, or by focussing the input beam onto the 
waveguide endface using a lens (microscope objective} 
since this latter technique approximates the conditions of 
the fanner, which is used for production devices 
[2.18,2.19]. In this work the latter technique was used. 
These methods also allow the study of mode profiles and 
the measurement of insertion loss (chapter 4). 
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The efficiency of the coupling process is limited by 
several factors, including; (i) the quality of the endface 
and that of the lens; (ii) the mismatch of the refractive 
indices of air and the waveguide, and hence Fresnel 
reflection; (iii) the alignment of the input beam and the 
waveguide; (iv) the modal profile mismatch of the 
propagating mode in the waveguide, and the input beam. 
Considering the above, limitation (i) can be minimised by 
careful waveguide fabrication and choice of lens, (ii) can 
be considered to be a constant loss if we assume a 
normally incident beam, and can therefore be evaluated 
numerically from the Fresnel equations (2.2]. Limitation 
( iii) can be optimised experimentally and is therefore 
assumed to be in perfect alignment, and hence we are left 
with i tern ( i v) as the factor limiting the coupling 
efficiency, and need to produce a theoretical evaluation 
of it. 
Following the approximation of Marcuse [ 2. 20] , the 
electric field of the propagating mode may be expressed as 
E = 
2y 
2 
w w ITT 
X y 
exp [ - ｛ｾＩ＠ 2 ] · exp { - [ X/W X 
and similarly the profile of the input beam may be 
｡ｰｰｲｯｸｾｴ･､＠ to circularly symmetrical gaussian profile , 
as follows 
•••••• ( 11) 
where 
1 
2W mode width 
x e 
32 
w decay parameter for the hermite-gaussian function 
y 
2a = electrode gap 
1 beam width/depth 
e 
k3 offset to allow optimum alignment 
Note: k3 may be optimised experimentally 
The modal mismatch is then determined by the overlap 
integral of the two profiles, given by the following 
expression: 
overlap 
J
o dy Ja E ｾ＠ dx 
-a -a 
MaXimum overlap is only obtained (i.e. 100%) for identical 
profiles, thus describing the efficiency of the process 
after reflection looses have been subtracted. The 
integral above is evaluated for a typical waveguide 
produced in this work, in chapter 4. 
2. 4 The elecb:ooptic effect 
This section briefly describes the electrooptic effect, 
and describes the assumptions made in this work when 
evaluating the magnitude of the effect in ion implanted 
optical stripe waveguides. The optical indicatriX of 
ｌｾＳ＠ can be written as [2.21] : 
2 
X 
1 3 
+ = 1 2 2 
n n 
0 e 
where 
X X X represent the directions of the principal axes. 
1, 2, 3 
In the general case where 
33 
1 
n 
ij 
B 
ij then the indicatrix becomes 
2 2 2 
B X + 2B X X + 2B X X + B X + 2B X X + B X = 1 
11 1 12 1 2 13 1 3 22 2 23 2 3 33 3 
It is usual to use a contracted notation where 
B B 
11 1 
B B 
22 2 
B B 
33 3 
B B 
23 4 
B B 
13 5 
B B 
12 6 
The electrooptic effect can be descr1bed by 
M r E 
ij ij,k 
i.e. 
ｾ＠ r r r 
1 11 12 13 
.6B r r r 
2 21 22 23 
E 
.6B r r r 1 
3 = 31 32 33 
E 
ｾ＠ r r r 2 
4 41 42 43 
E 
6:8 r r r 3 
5 51 52 53 
613 r r r 
6 61 62 63 
For LiNb03, due to crystal synnnetry effects, the 
electrooptic matrix is reduced to [2.22] 
0 -r r 
22 13 
0 r r 
22 13 
0 0 r 
33 
0 r 0 
51 
r 0 0 
51 
-r 0 0 
22 
34 
- ------1 
I 
In this work Y-cut LiNb03 was used, and in order to 
utilise the largest electrooptic coefficient r33 I a field 
along the Z or x3axis is required. 
The equation of the indicatrix then becomes 
BX 
1 1 
2 2 2 2 2 2 
+ BX + BX + X r E + X r E + X r E = 2 2 3 3 ]. 13 3 2 13 3 3 33 3 
i.e. 
]. 
6.13 a r E ].]. 2 13 3 
( n1l.) 
1 
6B 1::. = r E 
22 2 13 3 
(n22) 
]. 
l::.B a r E 
33 2 33 3 
(n33) 
For Y-cut, X-propagating LiNb03, using T.E. polarised 
light {extraordinary refractive index), then 
i.e. An 
33 
1 
is accessed 
3 E 
-r n 3 .•••• (12) 
33 33 
2 
If we now wish to evaluate An, it is necessary to produce 
an expression for the electric field E3, and relate it to 
the propagating optical mode. The method used in this 
work was to follow that of Alferness [2.23], and .Marcuse 
(2.20,2.24], using the expression: 
VL 
TT 
AG 
3 
n rr 
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where 
L interaction length 
G electrode gap = 2a 
X optical wavelength 
r overlap integral between the applied optical field 
and the propagating mode. 
vrr the voltage required to produce a 180° phase shift 
in the optical wave relative to a fixed reference. 
The problem then becomes one of evaluating the overlap 
integral which, in this case, is given by (2.23] : 
r J:a dy J:a E IEI 2 dx 
J:a dy J:a IEI2 dx 
where E is the applied electric field and E is the 
normalised transverse optical field. The normalisation is 
such that the denominator is equal to 1. For this work the 
approximations of Marcuse [ 2. 20], [ 2. 24] were used to 
determine the two interacting fields. Thus 
E v 
rr-12 
2y 
6 = 
w w2 -lrr 
X y 
where: 
2W = 
X 
l 
e 
mode width 
W decay parameter for the hermite-gaussian function y 
2a = electrode gap 
d mode offset from gap centre 
V applied voltage 
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The calculation above was performed on a prime computer. A 
typical overlap :integral variation produced using the 
programme is given :in figure 2.4. This result was 
obtained for Y-cut L:i.Nb03 with Wx/Wy = o.s. 
2.5 COnclusion 
In this chapter, the fundamentals of planar and stripe 
waveguides have been :introduced, together with relevant 
excitation techniques. The electrooptic effect has also 
been introduced, together with a theoretical appreciation 
of it, allowing electrooptic coefficients to be 
evaluated, as detailed in chapter 6. 
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Chapter 3 
Optica1 Stripe Waveguide Fabrication 
3.1 Intxoduction 
The fabrication of optical stripe waveguides requires the 
production of a two ､ｾ･ｮｳｩｯｮ｡ｬ＠ guiding region which has a 
higher refractive index than the surrounding media. Since 
ion induced damage in LiNb03 causes a reduction in the 
refractive index of the nuclear damaged region, then we 
can use this index reduction to define the boundaries of 
such a guide. The method used in this work was to first 
define the 'bottom' of the guide with a planar implant, 
and to then build waveguide 'walls' by further, shallower 
implants, using an ion implantation mask, to protect the 
guiding region. The depth of each implant is determined 
by the energy of the incident ions (and hence their 
range } , and the refractive index change is dependent on 
the dose of the implant, as summarised in chapter 1. This 
chapter describes the process developed for the 
fabrication of the stripe waveguides studied in this 
thesis. The description of the complete fabrication 
process is divided into the following sections; (3.2} 
material preparation and ion implantation; ( 3 • 3 ) ion 
implantation mask fabrication; and ( 3 • 4} annealing and end 
face polishing. Finally the conclusion ( 3 . 5 } , completes 
the chapter. 
3 • 2 Material. preparation 
The material used was surface Acoustic Wave ( s . A. w. ) 
grade, Y-cut, X-propagating ｌｾＳＬ＠ purchased from Roditi 
Ltd. , in slices with dimensions 54mm x 45nun x o • 5 mm. 
These slices were cut into standard sized samples with a 
rotary diamond saw of 125mm diameter, and 240 grade grit 
size. The size of the samples was determined by the 
scanning capability of the ion implantation machine, which 
was ｡ｰｰｲｯｸｾｴ･ｬｹ＠ 22nun x 11 mm. In order to produce 
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reasonable edge smoothness, the samples were sandwiched 
between glass slides during cutting, using a low melting 
point wax. 
After cutting the samples were removed from the sandwich 
assembly and cleaned by successive ±mmersion in toluene, 
trichlorethylene, and propan-2-ol each of which was heated 
to approximately 90°C. During immersion, to prevent the 
samples shattering, the solvents were not allowed to 
boil. Similarly, due to the delicate nature of the 
samples, an ultrasonic bath could not be used. This 
cleaning process resulted in a reproducibly clean surface 
when viewed with an optical microscope. 
3. 3 Ion Imp1antation 
This section describes the principles of the ion 
implantation technique used in this work to produce 
radiation damage in the ｌｾＳＬ＠ which results in a 
reduction in refractive index of the buried layer. 
All ion implantation in this work was carried out at the 
ｕｮｾｶ･ｲｳｩｴｹ＠ of Surrey in the D. R. Chick Accelerator 
Laboratory. Two ion accelerators were used for the 
process, the choice depending on the energy required for a 
given implant. For energies above 0. 5 MeV, a Van de 
Graaff accelerator was used, which produces an ion beam 
with an energy of up to 2.0 MeV, while for energies of o.s 
MeV and below, a 500 keV implanter was used. The main 
difference between the two machines is the device used to 
produce the accelerating potential. The 500 KeV implanter 
uses a standard high voltage supply and the high energy 
machine uses a Van de Graaff generator. 
Each system comprises five main components: an ion source, 
an accelerating system, an analysing magnet, a beam line, 
and a target chamber, and function in the following way. 
The ion source and the accelerator produce a collimated 
beam of ions, predominantly singly charged, of the 
required species, in this case helium. The beam is then 
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purified by the analysing magnet, which rejects ion masses 
other than those required, and directs the beam into the 
beam line, towards the target chamber. During 
implantation the target chamber was held at a pressure 
between lo-5 and ｾｯＭＶ＠ Torr, by an oil diffusion pump, and 
liquid nitrogen trap. 
The LiNb03 samples were held in the target chamber on a 
stainless steel plate using berrylium-copper clips and a 
conductive paint. The paint was used to provide both an 
electrical and a thermal contact to the plate, which acted 
as a heat sink, while the clips acted as a source of 
secondary electrons, which reduced charging of the ｌｾＳ＠
surface. Details of temperature effects are given in 
reference [ 3 .16] . In order to prevent ion channelling 
( 3 .1] , the samples were inclined at 7 o to the ion beam 
normal. Ion dose and beam current measurements were based 
on the charge arriving at the sample plate held behind an 
aperture plate, which defined the exposed area, and a 
suppression plate. The suppression plate was held at a 
potential of -300v to prevent the loss of secondary 
electrons. In order that a uniform implant was obtained, 
the beam was electrostatically scanned over an area larger 
than that of the aperture, thus eliminating edge effects 
and errors due to the beam shape. 
In order to discover the accuracy of the quoted ion dose 
and energy we can consider the facl:ors giving rise to 
uncertainties in these quantities. Recent calibrations of 
each machine have recently been conducted using the 
nuclear resonance technique [3.2]. They show that the 
uncertainty in ion energy for the Van de Graaff 
accelerator and the 500 keV implanter are 4% and 2% 
respectively. Further uncertainty may arise from the 
energy spread in the ion source. For He+ implantation, 
different ion sources are usually used in each machine. 
The r. f. type source used in the Van de Graaff machine 
typically has an energy spread of only 200eV, and the 
Neilson type source of the 500 keV implanter typically 
produces an energy spread of even less [3.3]. 
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Consequently, these additional inaccuracies are 
insignificant when compared to either the 4% or 2% 
uncertainties quoted above. An uncertainty of 5% in dose 
is suggested by Wilson and Barfoot [3.2], when using the 
current integration method of evaluating the former. This 
is due to variations in suppression, and changes in the 
beam as it passes along the beam line. 
P1anar Ion Implantation 
The initial implantation was used to form a planar 
waveguide, prior to masking the surface and implanting to 
create the sidewalls. It was essential that planar ion 
implantation preceded the fabrication of the ion 
implantation mask, since this step defines the bottom of 
the waveguide. The process is described in section 3.3. 
After this implantation step the samples were ready for 
the fabrication of the ion implantation mask. 
3.4 Ion Implantation Mask Fabrication 
3.4.1 
The ion implantation mask was used to protect the guiding 
region from the incident ion beam during fabrication of 
the waveguide walls. A suitable material for the mask 
must be ｲ･ｰｲｯ､ｵ｣ｾｬｹ＠ processable to a thickness in excess 
of the ion range in that material. In order to stop a 
high energy beam, then a material with high stopping power 
is desirable since the required thickness of the mask is 
then reduced. For this reason, gold was - chosen as the 
element to be used for the mask. Furthermore, data of 
helium ion ranges in gold are readily available. The 
fabrication process of the implantation mask is shown in 
figure 3 .1. The steps shown in this process will be 
briefly described in turn below. 
Substrate c1eaning 
The cleaning procedure was similar to that described in 
section 3.2, but in this case a final surface etching step 
was included, in which the sample was immersed in a weak 
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Fig. 3.1 The major steps in the fabrication process of ion 
implanted optical stripe waveguides. 
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etching solution of H2S04/H202, to produce a fresh, clean 
surface onto which the metal was deposited. The material 
removed from the surface was insignificant when compared 
to the depth of the planar implanted region as determined 
by Talystep measurements. 
Evaporation of metal. 1ayers 
A thick but narrow mask was required to protect the 
guiding region from the incident ion beam, and the most 
efficient way of depositing such a mask is electroplating 
through windows in photoresist. In order that this 
process can be performed, the sample surface must be 
conductive, and it is for this reason that thin metal 
layers were initially evaporated. The absolute thickness 
of these layers is, therefore, not critical, but must be 
small relative to the final mask thickness . Since the 
mask was to be formed of gold it was useful to evaporate 
a layer of gold as the electrode, in order that the 
evaporated and electroplated layers bonded well together. 
Unfortunately gold does not bond well to the surface of 
LiNb03, and for this reason, a thin film of titaniwn was 
evaporated onto the sample surface before the layer of 
gold was deposited. Both metal films were deposited by 
thermal evaporation, the most widely used method of thin 
film deposition [3.9]. 
Photolithography 
Photolithography is the process used here to produce the 
patterned gold implantation mask on the sample surface. 
This application requires a thick ( >21llt\) photoresist layer 
to enable gold to be plated through the windows left in 
the resist, following development. After removal of the 
photoresist layers the gold mask protected those areas of 
the sample surface which were to be shielded from the ion 
beam. Shipley Mi.croposit 1375 photoresist was chosen, 
since it can be spun to the required thickness. To ensure 
good resolution and contamination free films, the 
photoresist was filtered using a ｯＮ｡ｾ＠ membrane filter. 
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The sample surface was flooded with resist via a glass 
syringe and the filter holder, and spun at 4000 r.p.m. for 
30 seconds, to produce a thick resist layer. The sample 
was then baked at 90°C for 25 minutes. , followed by 
exposure to ultra-violet light for 70 seconds, through a 
suitable mask, using a Kasper contact mask aligner. 
Development was performed in a 50% microposit developer 
solution. A post-development bake of 15 minutes at 120°C 
was found to suitably harden the resist for later 
processing, though this step of the process was 
subsequently modified to include a re-exposure step as 
discussed below. The process described here was produced 
after considerable experimentation to determine optimum 
times and/or temperatures for each step, i.e.resist 
spinning, pre-bake, post-bake, development, and exposure. 
The most common failure of a photolithographic process is 
the contamination of the resist by foreign particles. A 
chart is shown in figure 3.2 [3.5] giving relative 
contaminant sizes. The chart gives an idea of the effect 
of contamination in the production of linewidths of a few 
microns. The obvious conclusion is that an ultra-clean 
environment is necessary, which is the standard solution 
employed in the microelectronics industry. 
Other failures are due to processing effects. Particularly 
critical is the complete removal of unwanted resist at the 
developing and stripping stages. A study -by Kaplan and 
Bergin [ 3 • 6] of developing and stripping techniques shows 
that many of the commonly used techniques do not fully 
remove the resist. Their study compares developing 
residues for different types of developer, with and 
without adhesion promoters the results of which suggest 
that these promoters may cause increased residue on the 
sample surface after processing. In this work no adhesion 
promoter was necessary, but resist residue was a problem. 
In order to prevent unwanted resist removal during 
subsequent processing, a post-bake process at a 
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Fig. 3.2 Relative 
particle sizes 
(from [3. 5]) 
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temperature of ｾＲＰﾰｃ＠ was included 
step made final resist removal 
in the process . This 
more difficult, and 
therefore a re-exposure step was included after 
development, to reduce the sensitivity of the post-bake 
temperature [ 3. 6] • Acetone was found to be a suitable 
resist stripping agent for this process. 
Gold P1ating 
Gold Plating is an established technology often associated 
with cyanide electrolytes, although cyanide free 
electrolytes are now available. The solution used here 
was a cyanide free solution ( ECF 62 ) produced by Englehard 
Limited. This solution is based on sulphite gold 
complexes, and also contains additives for grain refining 
and brightening. This type of plating bath is more 
sensitive to operating conditions than other types of bath 
[3.7], since the solution pH must be strictly controlled 
between 8.5 and ｾＰＮＵＬ＠ the optimum value being 9.5. If the 
pH falls below the minimum level the sulphite complexes 
decompose. This cyanide-free bath offers high purity 
(99.99%) gold films with a relatively high hardness. The 
thickness of gold required in the implantation mask is 
dependent upon the energy of the incident ion beam. From 
Ziegler • s data for the Helium ranges in gol.d [ 3 • 4], the 
required thickness can be calculated. The range of helium 
ions in gold is shown in Fig. 3.3. 
Ion Beam M:i..l.ling 
Following the electroplating process, the photoresist was 
removed by innnersion in acetone, before the resulting 
structure coul.d be etched by ion beam mil.l.ing. Ion ｢･ｾ＠
milling [ 3 • 8 ] is used for the control.l.ed removal of 
material by the sputtering action [3.9] of an incident ion 
beam. In this work it was required to remove the gold and 
titanium l.ayers, as depicted in Fig. 3.1(g). 
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The milling equipment was based around a saddle field ion 
source, which can be optimised for high ion or neutral 
beam content. A neutral beam is advantageous when etching 
insulators such as ｌｾＳＬ＠ as surface charging is reduced. 
The particular source used was an F.A.B.94, manufactured 
by Ion Tech. Ltd. , which has similar characteristics to 
those of the B93 source [3.10]. 
Specific etch rates are often quoted in the literature 
( e.g. [ 3 .13 ] ) , but these rates can rarely be compared, 
since quoted operating conditions usually vary. In 
general the etch rate is determined by ( 1 ) the ion 
species, (2) the composition of the material being etched, 
( 3) the accelerating voltage, and ( 4) the angle of 
incidence of the ion beam with respect to the sample 
surface. A suitable ion species in this case is the inert 
gas argon, and the accelerating voltage is arbitrary, 
since a ?al1bration can be performed at any voltage above 
the threshold voltage. The angle of incidence, however is 
of more interest, since the sputter yield may vary 
considerably with this angle, usually reaching a maximum 
near 40°-Goo (3 .11]. It is still desirable, however, to 
etch at normal incidence, since this suppresses the 
formation of surface cones (3.8], which could have 
catastrophic effect. 
A schematic of the saddle field source is shown in Fig. 
3.4 [3.12], and a summary of operating conditions is given 
in Table 3.1 below. The etch rates given in Table 3.1 
were measured using a Talystep, but have the quoted 
uncertainties, since the sample surface was scanned during 
ion milling in order to reduce non uniform etching. 
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Fig. 3.4 
Ions 
Shield 
ｾ･ｬ･｣ｴｲｯ､･ｳ＠
Schematic of the Saddle Field Source with Electron 
Trajectory, Regions of Ion Formation, and Beam 
(after [3. 12] ) 
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Tabl.e 3 .1 Ion Beam Mil.ling Process Parameters 
Accel.erat:i.ng Beam Distance Between Etch 
MATERIAL Vol.tage CUrn!nt Sampl.e and Rate 
(k:V) (mA) Aperture (m) 11/5 
Au 2.0 50.0 0.096 2.38 :t: 0.1 
Ti 2.0 50.0 0.096 0.91 ± o.o 
Following ion beam etching, the samples were ready for 
further ion implantation to form the sidewalls of the 
stripe waveguides • The process is described in section 
3.3. After implantation, it was necessary to remove the 
gold mask before the samples were ready to be annealed. 
separate etches for gold and titanium were used, 
consisting of KI/I2/Hz0 and KOH/Hz02/H20 respectively, 
neither of which attacked the implanted ｌｾＳ＠ surface by 
a detectable amount when measured using a Talystep. 
3. 5 Annealing 
During the initial implantation process, which forms the 
planar waveguide, the ion beam passed through the surface 
guiding layer, causing minor crystal damage due to 
electronic interaction (3.1]. Extensive annealing studies 
of Destefanis et al ( 3 . 14] , and Naden and Weiss [ 3 .15 ] , 
have shown that this damage can be reduced by thermal 
annealing in flowing oxygen, thereby reducing attenuation 
in the resulting waveguide. An oxygen atmosphere is used 
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during this process as lithium oxide is displaced from the 
sample surface during the preceding fabrication steps, and 
an oxygen gradient returns the element to the sample 
surface (see section 7.2}. 
The annealing apparatus used in this work was identical to 
that used by Naden [ 3 .16 ] , as shown in figure 3 . 5 . The 
sample was mounted between two thermocouples in order that 
any temperature gradient could be observed. A perforated 
lid was then placed over the assembly to improve the 
uniformity of the gas flow, and thus reduce the 
temperature gradient. Figures 3.6 and 3.7 reproduced from 
[3.16], show temperature profiles of the annealing furnace 
when used with the apparatus of figure 3.5, and a typical 
temperature/time 
study of Naden 
temperature is 
profile respectively. 
[ 3 .15] showed that the 
close to 200°C. In 
The annealing 
optimum anneal 
this work the 
waveguides were annealed at 200°C for 30 minutes in oxygen 
gas which had been pre-dried by passing it through silica 
gel. The oxygen flow rate through the furnace was kept 
constant at 5 ft3 hr-1. 
After inserting the samples into the furnace, a warm up 
time of, typically, a minutes was necessary for the anneal 
temperature to be reached (the warm up period was 
considered to be over when both thermocouples indicated a 
temperature of greater than 190°C}. Furthermore, a cooling 
period of typically a minutes was included to avoid 
exposure of the sample to severe temperature gradients. 
During cooling the sample was moved to the end of the 
furnace tube. 
3 .6 End-Pace polishing 
The final step in the fabrication process was to prepare 
the samples for optical evaluation. This consisted of 
grinding and polishing the ends of the samples to 
facilitate end-fire coupling. The end faces were 
initially ground to remove a length of approximately 1 mm, 
since these regions would have been subject to edge 
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Fig. 3.5 Annealing arrangement. Gas flow is from 
right to left. (After [ 3 .16]) 
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effects during the photolithographic process, resulting in 
poor quality implantation masking. Grinding and polishing 
was carried out using a Logitech PM2A polishing machine, 
with successive use of the following abrasives: calcined 
aluminium oxide grit 9, calcined aluminium oxide grit 3, 
and syton. To avoid sample damage, the samples were 
bonded, in groups of at least three, using a low melting 
point resin, and the entire assembly pol.:i.shed. The 
samples were held in this structure throughout the 
polishing process, with the entire structure being 
reversed in order to polish the opposite end face, thus 
ensuring that the ends were parallel. 
3.7 conclusion 
This chapter has described each step of the process for 
the fabrication of the stripe waveguides presented in this 
thesis, together with some of the problems of selected 
processes. This fabrication facility was devised and 
established as part of this project, with the exception of 
the ion implantation facility, and remains operational. 
The process is limited by the quality of the cl.ean-room 
empl.oyed, since high resolution photolithography, over 
extremely l.arge areas ( 2cm lengths) is not common, and 
thus, in this work, no attempt was made to fabricate 
waveguides with a mask of l.ess than 3 JLID in width, 
although it shoul.d be made clear that this is not a 
fundamental. l.imit. 
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Chapter 4 
Optical Measurement Techniques and their Accu:racy 
4 .l. J:ntxoduction 
For most optical devices or optical communication systems, 
one of the most desirable qualities is that of low loss. 
There are two main factors contributing to the loss of a 
system. These are the fundamental loss of the device or 
waveguide itself, termed the attenuation,and the coupling 
loss between discrete devices . In order to characterise 
these parameters, the end-fire coupling system described 
in ｣ｾ｡ｰｴ･ｲ＠ 2 may be success fully utilised. This system 
readily allows study of a propagating mode profile, which 
will contribute to both coupling loss and attenuation, and 
allows the measurement of the device insertion loss, from 
which the attenuation may be computed. This chapter 
describes the techniques used to measure the above 
parameters and estimates the accuracy of each of these 
measurements. 
4. 2 Mode profile measurement 
The method of character1sing a propagating mode may be 
open to debate, since the shape of the profile will be 
determined by the refractive index profile of the 
waveguide, and the difference in the refractive index of 
the guiding region and the surrounding media. Marc use 
[ 4.1], represented the electric field of the fundamental 
mode of a Ti-indiffused waveguide by the following 
expression; 
where 
2Wx = the 1/e mode width 
Wy = the decay parameter of the Hermite Gaussian function 
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The depth variation is represented by a Hermite-Gaussian 
function (y direction) (4.2], which, whilst not strictly 
correct for this work, is a suitable approximation for 
some calculations. The Hermite-Gaussian function given by 
is plotted below ( fig 4 .la) together with a computer 
prediction of the field profile of a planar waveguide 
(fig. 4.1b), using the step-index model. With reference 
to figure 2.1, the waveguide parameters are as follows: 
h Ｓｾ＠ = waveguide depth 
nc 1.0 = refractive index of cover layer 
nf 2.276 refractive index of guiding film 
ns 2.258 refractive index of buried layer 
These two graphs are adjusted to be of approximately the 
same scale to improve clarity. 
The similarity of the profiles of figure 4 .1 not only 
suggests a reasonable approximation, but also that we can 
characterise the propagating mode by the width and depth 
parameters Wx and Wy. 
The experimental apparatus used to measure the intensity 
profile width or depth is shown in figure 4.2. The laser 
beam was directed towards the sample by the mirror system, 
and focussed onto the polished end face by the input 
microscope objective. An ｸｹｺ･｣ｴｾ＠ micropositioning system, 
utilising piezo-electric transducers for movements of less 
than ＱｾＬ＠ ensured optimum coupling to the waveguide, and 
also allowed some preferential selection of propagating 
modes. The output beam was then focussed onto a video 
camera, which passed information to a video analyser, 
which is capable of scanning the intensity profile in any 
given direction, thereby enabling width and depth 
measurements to be made. The plotter simply produces a 
copy of the required plot. In order to measure the 1/e 
intensity, a neutral density filter which reduced the beam 
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4.2.1 
intensity to 1/e of its' incident value was placed in the 
output beam path, thereby eliminating any errors due to 
non-linearity of the video camera. A typical profile 
produced by this method is shown in figure 4.3 
Relationship between theo:ry and practice 
In the theories used in this work, the modal electric 
field profiles are characterised by the parameters Wx, Wy, 
and K2, in equations 10 and 11 of chapter 2 • These 
parameters determine the rate of decay of the Gaussian and 
Hennite-Gaussian functions that are used to describe the 
horizontal and vertical fields of a propagating mode of 
the stripe waveguide and the input laser beam. 
In practice, however, it is the 1/e width and depth of the 
intensity profile of the propagating mode that is 
measured, which is proportional to the square of the 
field. Consequently these measured quantities must be 
related to the parameters Wx, Wy, and K2. consider first 
the Hermite Gaussian function: 
Let; 
y exp[ _ y2 ] 
Wy2 
E 
where Wy is the decay parameter in the y direction. 
Since E2 a Intensity 
The maximum value of the intensity profile is given by; 
A= ｾＲ＠
2e 
and hence the ｾＯ･＠ value given by; 
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i.e. A = ｾ＠ = y 2 exp[- 2y2 ] 
2e2 w 2 y 
i.e. 
Solving the above equation for y gives; 
Y1 0.2815972 Wy and 
Y2 1.2542318 Wy 
The 1/e depth of the modal intensity profile is then given 
by 
B Y2 - YJ. 0.9726364 Wy 
hence 
Wy = 1.0281353 (B) 
Therefore the value of Wy can be determined from the 1/e 
depth of the intensity profile found experimentally. Let 
us now consider the Gaussian function given by; 
where Wx is the decay parameter in the x direction 
i.e. 
E2 ex intensity 
c = exp[ Ｚｾ＠ ] 
exp[ ＨｗｸｾＲｊ＠
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Let Wx2 = D 2 
2 
Then the decay characteristic of the intensity profile is 
given by: 
D !.._Wx 
y2 
Furthermore, the 1/e width of this intensity profile is 
given by 
ｾｦ･＠ width 20 F 
and hence Wx is given by: 
where F 
Wx F 
v'2 
measured 1/e mode width. 
The value of the 1/e beam width can be used in exactly the 
same way to find the parameter K2 
The relationships derived above enable the parameters of 
the modal profiles to be evaluated and thus overlap 
integrals to be evaluated for the attenuation calculations 
described later in this chapter. 
4. 3 Accuracy of the mode profile measm:ements 
When assessing a level of uncertainty in an experimental 
system, it is usual to combine the uncertainties due to 
each contributary factor in some predetermined way (4.3], 
the simplest of which is to add all the uncertainties to 
produce a •worst case' estimate. This technique, however 
makes no allowance for operator error, and in the 
experimental arrangement described in section 4.2, the 'in 
focus' position of the output microscope objective is 
determined purely 'by eye' , and hence reproducibility is 
dependent on the operator. For this reason, an experiment 
was conducted in which a single waveguide was repeatedly 
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excited using the apparatus shown in figure 4.2, and a 
series of 1/e widths and depths were measured for the same 
propagating mode. The uncertainty was taken to be ﾱｾＬ＠ the 
standard deviation of the results. The uncertainties in 
the measurements were found to be : 
mode width: ± 0.0414 ｾ＠ 1% 
mode depth: ± 0.0847 ｾ＠ 4% 
Notably each dimension has a different uncertainty. This 
may be due to the fact that, for this, and all other 
waveguides presented here, the mode depth is smaller than 
the mode width, suggesting that the absolute focus is more 
difficult to determine. 
Other uncertainties in these measurements, due to 
equipment tolerances, were calculated to be 7.2%, in each 
case, leading to total uncertainties of 9.2%, and 11.2%, 
for the width and depth measurements respectively. 
4.4 Attenuation measw:ement 
Several techniques have been tried to produce accurate 
attenuation measurements in integrated optical waveguides 
[4.4-4.8], although none of them are entirely 
satisfactory. Numerous methods have been tested using the 
prism coupler, but the results usually have large 
uncertainties, probably due to variations in the coupling 
efficiency obtained for each measurement taken in a given 
series [ 4. 9]. 
A simple technique for measuring attenuation is the 
cut-back method, in which the waveguide is sequentially 
cut and pol.ished, so that the transmitted power as a 
function of length may be measured, thus removing the 
inaccuracy of the prism coupler. This is, however, an 
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undesirably destructive method. For these reasons the 
technique adopted in this work consisted of a single 
measurement of transmitted power, for the given 
propagation length of the sample. Several problems still 
exist with this method, which are discussed in section 
4.5, but it was considered to be the most accurate 
technique for these ･ｸｰ･ｲｾ･ｮｴｳＮ＠
The experimental system used to measure attenuation was 
very similar to that shown in figure 4. 2, in which the 
video camera and video analyser were replaced by a 
photodiode and ammeter. A lock-in amplifier was also 
available for measurement of low light levels, but this 
was required very infrequently. 
The measurements were taken as follows. The waveguide was 
excited, and a given mode optimised, using the 
piezoelectric transducers for fine excitation adjustment. 
The photodiode was then positioned in the output beam 
path, the output intensity of the given mode ｯｰｴｾｩｳ･､Ｌ＠
and the photocurrent recorded. The sample was then 
removed from the system, and the two microscope objectives 
moved toward each other, to focus the input beam onto the 
photodiode, and the value recorded. In this way, any 
insertion loss due to the microscope objectives was 
eliminated from the subsequent calculation. The waveguide 
insertion loss could then be determined as the difference 
of the two recorded readings, if the photodiode is linear 
over the entire range. The uncertainty due to non 
linearity is discussed in the next section (4.5). 
Attenuation (a) was then calculated as follows: 
ex = (y-f)K 
L 
••••• (4.2) 
where y =waveguide insertion loss (measured). 
f calculated Fresnel reflection for normal 
incidence. 
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K a number between o and 1 determining the degree 
of overlap between the input beam and the 
waveguide mode. 
L = sample length in em. 
Attenuation is usually expressed in dB cm-1. 
4. 5 Experimentci1 accuracy of attenuation measurements 
4.5.1 
In section 4. 3 , the influence of the operator on the 
accuracy of the measurements was discussed. The same 
effect is present in the insertion loss measurements • 
These measurements, however, are much less sensitive to 
focus, since it is possible to 'capture' the output beam 
on the sensitive region of a photodiode, even if it is not 
entirely in focus. The statistical experiment of section 
4.3 was also conducted for the attenuation measurements to 
evaluate the influence of the operator. It yielded a 
measurement uncertainty of only o. B%, and uncertainties 
due to equipment contributed a further 3.5%. This included 
the uncertainty in the measurement of length L. The 
uncertainty due to the non-linearity of the photodiode was 
established by calibrating the diode using an Anritsu 
optical power meter. A straight line fit to the data is 
shown in figure 4.4, leading to an uncertainty of 0.41%. 
There are two further sources of uncertainty. these are 
the accuracy of the quantities K and f defined in equation 
4.2. These will be dealt with below. 
The over1ap integral. K 
The approximation of Marcuse ( 4 .1] is used to model the 
fundamental mode of the waveguide in the calculation of 
the overlap integral i.e. 
E = 
2y 
w w2 -trr 
X y 
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We will assume a circularly symmetrical gaussian profile 
for the input beam as follows. 
where 
2W 
X 
1 
e 
mode width 
w decay parameter for the Hermite-Gaussian function y 
1 
e 
beam width or depth 
k3 offset to allow optimum alignment of the input 
beam and the waveguide 
Note: k3 may be optimised experimentally 
The normalised overlap integral may then be defined as 
overlap J:C dy J: E E dx 
To evaluate the numerator: 
The numerator is 
•••..• (4.4) 
Solution of the first integral is equal to (4.11]: 
••••.• (4.5) 
ｋｾ＠ + ｷｾ＠
By making the substitution y = u + b/a , then the second 
integral becomes standard in variable u, the solution of 
which is [4.11]: 
exp [-K. ｾ＠ + ｋｾｾ＠
ｋｾ＠ ｾＨｾ＠ + ｷｾ｝＠ ][ 
ｋｾｾ＠ + 
ＲＨｾ＠ + ｷｾ｝＠
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dy 
Hence the numerator is given by the product of the 
constant term in equation 4.4, with 4.5 and 4.6. By 
suitable algebraic manipulation, each integral in the 
denominator becomes a standard integral, resulting in the 
total denominator D, reducing to : 
D [ 
Therefore the complete overlap integral, K, is determined 
For a typical propagating mode with the following 
parameters, the variation of the overlap integral ( K) with 
offset K3 is shown in figure 4.5. 
Wx 2. Sp.m, Wy 
In each attenuation calculation, the optimum value of the 
overlap integral is assumed, since the offset K3 can be 
optimised experimentally. we can see from an expanded 
version of fig. 4.5, however, that a variation of 0.4p.m in 
the offset, which is the resolution of the piezo-electric 
transducers, causes a change in the overlap of only 
-0.15%. Therefore an uncertainty of -0. 15% has been 
attributed to this cause. 
Although the calculation of the overlap integral has been 
applied to a fundamental mode, and since its• value will 
be lower for higher order modes, it is seen to have a 
small enough magnitude to be able to assume the same 
overlap and uncertainty for the higher order modes. In 
practice this will lead to a systematic underestimate of 
the attenuation in of the higher order modes, but a worst 
case value will be obtained. 
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4.5.2 
4.5.3 
F:resnel. reflection 
A value for normal incidence Fresnel reflection is used in 
the calculation of attenuation, but small errors in the 
angular alignment or end face polishing, may lead to 
non-normal incidence. The Fresnel equation for T.M. 
polarisation is [4.10]: 
R ＭｳｩｮＨｾＱ＠ ｾＲＩ＠
-= 
E ｳｩｮＨｾＱ＠ + ｾＲＩ＠
where R and E are the amplitudes of the electric vectors 
in the reflected and incident beams respectively, and ｾＱ＠
and ｾＲ＠ are the angles of incidence and refraction 
respectively. A plot of R2jE2 verses angle of incidence 
shows how reflected intensity varies (fig. 4. 6). It is 
･ｳｴｾｴ･､＠ that alignment and polishing errors did not 
exceed ± 3° at either end of the sample, since any larger 
error would have been unacceptable. From figure 4.6, we 
can see that a change of 3° produces a change of +0.24%, 
and thus this effect will contribute an uncertainty of 
+0.24% from each end of the sample. 
Uncertainty in attenuation measurements 
The total uncertainty in the attenuation measurements, as 
a worst case estimate, is the sum of all the contributary 
factors in the preceding discussions. For uncertainties 
that cannot he expressed as a percentage of reading, 
typical uncertainties have been expressed as a percentage 
of a typical reading for simplicity. Strictly, this may 
lead to a slight underestimate of the uncertainty, but the 
alternative method is to take a percentage reading of the 
worst case, which is unknown since only a sample waveguide 
population has been analysed. 
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4.5.4 
The uncertainty ｣ｯｮｴｲｾｵｴｩｯｮｳ＠ are as follows: 
Operator focussing uncertainty 
Equipment 
overlap integral uncertainty 
Fresnel reflection uncertainty 
± 0.8% 
± 4.2% 
+ 0.0% -0.15% 
+ 0.48% -0.0% 
Since the relationship of these uncertainties is linear, 
then the percentage errors will be addative. Therefore, 
the total uncertainty in attenuation is+ 5.48%, - ＵＮＱｾＥＮ＠
COnclusion 
In this chapter the measurement techniques and the 
calculations for the determination of the parameters of 
the propagating modes have been described. The 
uncertainties in the measurements have also been 
discussed. 
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Chapter 5 
Optical. Stripe Waveguides 
5.1 Intxoduction 
This chapter is divided into two parts for convenience. 
The first part deals with the design of stripe waveguides 
in terms of the ion implantation parameters, and the 
implantation mask, whilst the second section deals with 
the optical results of the stripe guides; i.e. the 
propagation loss, the mode confinement, and the ｮｾ･ｲ＠ of 
modes. All the results presented here are concerning the 
ordinary wave, since the extraordinary wave could not be 
confined in two dimensions due to the existence of a 
planar region of high extraordinary index at the surface 
of each sample . This effect is expected to be due to 
stochiometric changes that occur during the implantation 
process, and is discussed further in chapter?. 
5. 2 Stripe waveguide design 
5.2.1 
The design of an ion implanted stripe waveguide consists 
of two parts; the required implantation parameters (i.e. 
the ion energy, the ion dose, and the number of implants 
required to form the waveguide boundaries), and the design 
of the implantation mask which protects the guiding region 
during the fabrication of the waveguide walls. 
DeteJ:JDina.tion of the ion i.mp1antation parameters 
Following the work of Naden and Weiss [5 .1], it was 
decided to use planar waveguides implanted with He+ ions 
of 1.5 MeV energy, at a dose of ＱＰｾＶ＠ cm-2, as the basis of 
the first stripe waveguides, since these conditions 
produced low loss planar guides at a wavelength of 633nm. 
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At a later date it was decided to produce another series 
of stripe waveguide results based on planar guides 
implanted with 1.2MeV He+ ions, at a dose of 1016 cm-2. 
Following fabrication of the planar guide, lateral mode 
confinement was produced by implanting around a mask to 
produce waveguide walls, as described in chapter 3 and 
therefore, it was necessary to determine the energy and 
dose of these wall implants. 
The depth profile produced by a single energy implantation 
can be approximated by two semi-gaussian curves, although 
this profile will be modified by the annealing process. 
The ion energies and doses to be used for the waveguide 
walls were determined by summing several semi-gaussian 
profiles which represented different energy implants to 
ensure that a minimum damage level was achieved between 
maxima of successive implantations, using the damage 
verses dose curve from reference [5.2], and ion range data 
of Barfoot and Weiss [5.3]. The doses used were 5 x 1015 
ions cm-2 since this is approximately half the dose 
required for radiation damage saturation at this 
temperature [5.2]. Each of these semi-gaussian profiles 
themselves were determined by the ion dose and energy 
(depth) together with information from [ 5 . 4] . Each 
standard deviation was scaled according to Rutherford 
Backscattering experiments of Barfoot et al [ 5 • 4] . A 
computer generated profile is shown in Figure 5.1, 
' 
representing implants of 1.5 MeV (1Ql6 cm-2), 0.85 MeV {5 
x 1015 cm-2 ) , and o • 5 MeV ( 5 x 1015 crn-2 ) and the 
attached table gives implantation details of the three 
profiles. Standard deviations a1 and a2 are the 
deviations of the leading and trailing semi-gaussians 
respectively, and the scalars merely indicate that the 
deepest implantation profile ( 1 • 5 MeV) represents twice 
the dose of each of the shallower implants. 
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3 
It may be noted that the damage profile caused by ion 
implantation is not given precisely by two semi-gaussian 
profiles [ 5 . 5 ] , but this is a sa tis factory first 
approximation, since subsequent annealing will change the 
profile. 
Using this technique it was possible to sum any number of 
profiles, to produce sensible values for the projected 
range of wall implants, and to detennine the number of 
implants required. When the process was complete, and the 
parameters determined, then these parameters were retained 
throughout the fabrication of every sample, in order that 
one sample could be compared with the next. 
Initial measurements of some of the early stripe 
waveguides, using the prism coupling techniques described 
in chapter 2, displayed both channel and planar guiding, 
the latter being undesirable as it may give rise to 
misinterpretation of the data, but by the nature of the 
effect it was decided that choice of a different waveguide 
excitation system such as end fire coupling, the problem 
may be eliminated. It was initially thought that this 
effect was due to planar guiding between the shallowest 
wall implant and the sample surface, and therefore, a 
series of experiments were conducted to determine the 
cut-off ion energy of the structure forming the waveguide 
walls. 
A single LiNb03 substrate was successively implanted with 
a series of ion energies and doses as given in table 5.1, 
to simulate the formation of the waveguide walls. After 
each implantation the sample was annealed, and attenuation 
and ｾＯｫ＠ values of the modes present, were measured, using 
the prism coupling technique. The results are presented 
below: 
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Ion Energy 
(MeV) 
1.50 
1.20 
o.8s 
0.50 
0.20 
Table 5.1. 
Attenuation 
Ion Dose Number of {3/k (dB/em) 
( Ionsjcm2) Implants Mode Mode Mode Mode 
5 
5 
5 
5 
0 1 0 1 
J.ol6 1 2.2717 2.2632 5.11 5.44 
X 
X 
X 
X 
1015 2 2.2680 2.2576 8.97 12.3 
1015 3 2.2598 - 12.31 -
1o15 4 2.2498 - 40.60 -
101s 5 - - - -
11/k and attenuation measurements of a sample 
successivel.y implanted with helium ions of 
lower energy ( TH modes) 
The waveguide behaves in a similar manner to a series of 
planar waveguides, each produced by a single ｾｰｬ｡ｮｴ｡ｴｩｯｮ＠
at the lowest energy present, at any given stage in the 
process [5 .1]. It can be seen that the number of modes 
decreases with decreasing ion energy, as does {3/k, since 
the waveguide depth is similarly reduced. The attenuation 
measurements also follow the trend predicted by [ 5 • 1] , 
though direct comparison is not possible since the ion 
doses used here are different . One distinct difference 
between these results and those of [5.1] is the presence 
of one TM mode for a minimum ion energy of o. 5 MeV. This 
mode is not cut-off, which suggests that light confinement 
in the waveguide is improved by multiple implantations. 
This can be explained by considering the increased 
thickness of the buried region of reduced refractive 
index, which will cut down the coupling loss to the 
substrate region. 
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5.2.2 
These results therefore suggest that the guiding 
characteristics of the multiple implant region are 
governed essentially by the depth of the shallowest 
implant. Furthermore, it suggests that there should be no 
planar guiding in stripe waveguide structure provided that 
the shallowest wall implant ensures cut-off of the surface 
layer. 
This also produces an additional constraint on the 
fabrication of practical stripe waveguides, in that a 
planar guiding layer would be extremely undesirable in any 
device applications as it would lead to additional loss, 
or crosstalk between adjacent waveguides. Not all the 
waveguides presented in this thesis have been fabricated 
to comply with this constraint, since the additional 
surface implants required to ensure planar cut-off, may 
interfere with other effects to be studied, although for 
commercial applications this constraint would become 
increasingly important. 
Design of the ion implantation mask 
In order to produce an ion implanted optical stripe 
waveguide, it is necessary to protect the guiding region 
from incident ions during sidewall implantation. Obviously 
the choice of mask width is determined by the number of 
modes predicted, but the thickness of the mask is vital, 
since, if it is not thick enough, then the incident ions 
will pass through the mask and penetrate the guiding 
region which would produce either a buried guide, or a 
cut-off guide, depending on the degree of penetration. 
Therefore, the gold mask must not only be thicker than the 
range of the high energy helium ions, but it must also be 
thick enough to absorb the spread of the radiation damage 
profile. Figure 5.3 shows a depth profile prediction of 
both the ion concentration, and the resulting damage 
profile for a 1.2MeV .implant into LiNb03, at a dose of 5 x 
1o1S ions cm-2. The vertical axis shows the number of 
disordered atoms as a fraction of the atomic density, and 
8? 
may be slightly inaccurate due to an estimate of the 
unknown displacement energy of L1Nb03. Since the highest 
energy wall implant was determined to be 1.2 MeV, and the 
range and standard deviation of a 1.2 MeV implant in gold, 
are 1.961!ID and 0.303J..Ull respectively, then the mask must be 
thicker than 2 .26J..Ull. In practice, after careful 
experimentation, a nominal thickness of 3 .S#Jlll was used for 
all masks, regardless of the highest energy wall ｾｰｬ｡ｮｴＮ＠
This ensured comparability between samples, since any 
unexpected effect was common to all waveguides. Figures 
5.2a and 5.2b show electron micrographs of side and plan 
views of ion implantation masks. The masks were 
fabricated during early trials, and were intended to be 
Ｓｾ＠ in thickness, and 5J..Ull in width. The dimensions have 
not been accurately reproduced, a fact that will be 
discussed in section 5.3.3 of this chapter. However, good 
width uniformity and edge definition are obtained, as 
demonstrated by figure 5 . 2, but some edge roughness is 
also indicated (fig. 5.2b), which will increase scattering 
in the resultant waveguide. High quality industrial 
clean-rooms would be able to control and reduce the edge 
roughness of the mask, leading to lower attenuation guides 
than those presented here. 
5.3 Stripe waveguide characteristics 
The characteristics of ion implanted optical stripe 
waveguides, fabricated and measured as described in the 
preceding chapters are presented here. The results 
presented are numerous, and depend on a large number of 
variables that are often interdependent, and for this 
reason the results cannot be presented graphically. 
The results are presented in two groups, each of which is 
identified by the depth of the initial planar implant used 
to form the bottom ( i.e. depth) of the waveguide. The 
groups are referred to as the 1.5 MeV family and the 1.2 
MeV family, since these were the energies used in the 
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initial planar implantations. The results presented in 
Table 5 • 2 are for the ｾＮ＠ 5 MeV family and those of Table 
5 . 3 are for the ｾＮ＠ 2 MeV family, and give the ｦｯｾｾｯｷｩｮｧ＠
waveguide characteristics: guide attenuation and intensity 
profile width and depth (measurement techniques are 
described in chapter 4), and the energy of each of the 
wall implants used for each waveguide. The ion dose used 
for each wall implant was 5 x ｾｯＱＵ＠ ions cm-2. The results 
are subdivided further during the discussions, to improve 
clarity, and will be dealt with as follows. Firstly the 
attenuation results are discussed for each of the families 
in turn, in terms of the ion implantation parameters. 
secondly, the mode dimensions are discussed, with 
reference to the ion implantation parameters and predicted 
intensity profiles. Finally the number of propagating 
modes are discussed, with reference to the waveguide 
dimensions, the shape of the ion implantation mask, the 
predicted number of modes, and the change in refractive 
index caused by ion implantation. 
By considering the attenuation results of Tables 5.2 and 
5.3, it is clear that the energy and dose of the ions used 
to produce the sidewalls, have a distinct effect on the 
attenuation of the resulting waveguide. The net 
propagation loss of a given waveguide will be the sum of 
a number of different contr£butions. The most fundamental 
contribution is the scattering and absorbtion of the 
crystal itself, which are both extremely low, and form the 
lower bound to the ultimate waveguide attenuation. These 
contributions will be present despite modification of the 
crystal and will not therefore, be discussed further. The 
contr£butions to attenuation that are relevant to the ion 
implantation process are the contribution due to 
scattering caused by the crystal damage attributable to 
ion implantation, the contribution due to the degree of 
confinement of the propagating mode, and the contribution 
due to the edge roughness of the ion implantation mask and 
hence the resulting waveguide. Since all the ion 
implantation masks were fabricated to the same thickness, 
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Sample 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
Attenuation 
(dB/em) 
4.4 
5.5 
1.0 
7.3 
7.5 
7.6 
6.6 
16.2 
18.2 
1/e 
I.P.W 
2.70 
2.96 
3.25 
2.52 
2.56 
2.44 
2.93 
2.93 
3.70 
1/e 
I.P.D 
1.68 
1.97 
1.93 
1. 61 
1.59 
1.75 
1.67 
1.90 
1.98 
Energy of Wall 
Implants (keV) 
850, 500 
850, 500 
850, 500 
850, 500, 200 
850, 500, 200 
1200, 800, 500 
1200, 850, 500 
500, 200 
400 
Tabl.e 5. 2 CharacteriStics of stripe waveguides fabricated 
using a 1.5MeV planar imp1ant. 
I.P.W = Intensity Profile Width 
I.P.D = Intensity Profile Depth 
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Sample 
No. 
10 
11 
12 
13 
14 
15 
Attenuation 
(dB/em) 
4.4 
4.5 
6.1 
6.0 
6.3 
9.5 
lfe 
I.P.W 
3.02 
3.24 
2.42 
3.40 
3.48 
3.29 
1/e 
I.P.D 
1.68 
1.68 
J..51 
J..67 
1.64 
J.. 51 
Energy of Wall 
Implants (keV) 
850 
850 
500 
500 
850, 500 
850, 500, 200 
Table 5. 3 Olaracterists of stripe waveguide fabricated 
using a J...2MeV fam:il.y. 
I.P.W = Intensity Profile Width 
I.P.D = Intensity Profile Depth 
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using the same process, the contribution due to interface 
roughness will be common to all waveguides, and will 
merely add the same level of loss to each guide. For this 
reason, this effect will not be discussed further, except 
to mention the ｰｯｳｳｾｩｬｩｴｹ＠ that, should one waveguide not 
conform to the trends shown by the others fabricated in 
the same way (e.g. the attenuation is exceptionally high 
or low for a given set of fabrication conditions), then 
this may be due to an exceptionally good or bad ion 
implantation mask. 
In summary, the two most significant contributions to the 
attenuation of ion implanted optical stripe waveguides are 
the degree of mode confinement, and added scattering due 
to implantation induced crystal damage. The former effect 
is dependent on the ion induced change in refractive index 
( lm) in the guide wall, and the position of Lhat change 
with reference to the vertical field of the guided mode. 
In order to estimate the vertical field maxima, the 
step-index model of a planar waveguide has been used to 
produce field profiles for waveguides with depths 
corresponding to 1.5 MeV and 1.2 MeV implants. The depth 
of the guide produced by the 1.5MeV implant was taken as 
2. 88Jllll, and that of the guide formed using the 1. 2MeV 
implant was taken as 2. 33J.UU. These depths are not ·the 
predicted ranges ( Rp) of 1. SMeV and 1. 2MeV ion beams in 
ｌｾＳＬ＠ but are given by; 
waveguide depth = 0.87 Rp 
as determined by Naden [ 5 . 6] , and the range data of 
Barfoot and Weiss [5 .3]. Refractive index data was 
obtained from [ 5 .1] . The field profiles are shown in 
figures 5 . 4 and 5 • 5, and will be referred to during the 
attenuation discussions. 
The contribution to attenuation due to ion induced crystal 
damage is dependent on the number of wall implants, and 
the depth of these implants with respect to the optical 
mode. The crystal damage is caused by the lateral 
spreading of the wall implants into the guiding region, 
and will therefore increase with an increasing number of 
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5.3.1 
wall implants. Furthermore, a given level of damage will 
have the most effect at the peak intensity of the field 
since greatest interaction occurs there • It may be 
expected therefore, that the lowest attenuation will occur 
at the optimum trade off between these two effects. 
Attenuation ::resu1ts 
The 1.5 MeV Pami1y 
Considering the results of Table 5.2 in conjunction with 
figure 5 .4, it can be seen that the peak of the field 
profile is at a depth close to both the 850keV and the 
500keV implants, and hence a combination of these implants 
may be expected to produce good optical confinement, and 
therefore low attenuation. Samples 1, 2, and 3 support 
this hypothesis since they are the lowest loss waveguides 
of this family. It may be expected that optical 
confinement is improved by additional implants at 0 . 2 
MeV, or 1.2MeV, but it can be seen from samples 4, 5, 6, 
and 7 that the attenuation rises when these implants are 
included. This additional loss may be attributed to 
increased scattering of the guided mode, since the total 
ion dose has been increased. By considering the intensity 
profile 1/e widths, it can be seen that they tend to be 
smaller than those of samples 1, 2, and 3 , further 
supporting the hypothesis of improved confinement yet 
higher loss. Finally by considering the attenuation and 
profile widths of samples 8 and 9, which have only shallow 
wall implants, it can be seen that poor confinement alone 
{i.e. large intensity profile widths), results in high 
attenuation. Similar results can be expected for samples 
with only deep wall implants(1.2MeV), but these conditions 
did not produce measureable modes. 
9? 
The 1. 2MeV fami.l.y 
The trends exh1bited by the l.SMeV family are also 
demonstrated by the l. • 2MeV family (table 5 . 3 ) , but 
obviously the depths at which particular effects occur are 
different. Before the results are discussed in detail, 
the effect of a single wall implant in the 1.2Mev family 
is compared to that in the J..5MeV family. 
one characteristic of ion implantation into Li.Nb03, is 
that a particular damage level is required to produce a 
given refractive index change [5. 2], and therefore the 
reasons for selecting a particular dose for a wall implant 
are valid regarciless of the depth of waveguide being 
fabricated. The depth of the guide will, however, affect 
the degree of optical confinement that a single wall 
implant can induce, since, for a shallow guide, a single 
ｾｰｬ｡ｮｴ＠ will occupy a greater proportion of the waveguide 
wall than the same ｾｰｬ｡ｮｴ＠ would occupy in a deep guide. 
Therefore, a single wall implant in a shallow guide has 
more effect than it does in a deep one. The effect of ion 
induced damage will however be more constant, since it has 
an absolute dose dependency. The scattering is also 
dependent on the optical mode profile and therefore the 
rate of decay of the electric field from its' maximum 
value becomes important. The field of a shallow guide has 
a steeper gradient than that of a deeper guide, and 
therefore less interaction with the damaged crystal will 
occur and the scattering loss will be reduced. It may 
therefore be expected that fewer wall ｾｰｬ｡ｮｴｳ＠ are 
required in the 1.2MeV family than in the 1.5MeV family to 
produce low attenuation waveguides, and that the loss due 
to scattering will be smaller. Conversely however, a 
1.5MeV implant produces a lower attenuation planar 
waveguide than a 1.2 MeV implant (5.6], and hence we can 
expect some trade off between these effects resulting in 
waveguides with similar attenuation in each family. If 
the guide depth were reduced further to increase the 
effect of each wall implant, it is expected from the 
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planar waveguide characterisation of Naden, that the loss 
of the planar guide would dominate 1 resulting in high 
attenuation stripe waveguides. 
It can be seen from table 5.3 that the lowest attenuation 
guides in the 1. 2MeV family are produced using a single 
wall implant at 500keV ( samples 12 and 13 ) or 850keV 
( samples 10 and 11 ) , suggesting that the field plot of 
· figure 5. 5 is inaccurate 1 and that the peak of the field 
is slightly deeper, falling between the two implants. This 
also suggests that a single implant at the depth of the 
field peak would produce a guide of lower loss. Two wall 
implants at energies of 500keV and 850keV (sample 14) 
increases the attenuation, and the addition of a 200keV 
implant increases it still further (sample 15). This 
additional loss can again be attr1buted to increased 
scattering in the guiding region due to the lateral damage 
profiles. 
The attenuation results of the 1. 2MeV family confirm the 
trends exh1bited by the 1.5MeV family, and the hypothesis 
proposed to explain them, although the results are not as 
conclusive. The next section examines this hypothesis 
with regard to the modal dimensions. 
Intensity PJ:Ofile Dimensions. 
In this section the 1/e width and depth of the modal 
intensity profiles are discussed. In order to evaluate 
the absolute dimensions of these profiles, the step index 
model of a planar waveguide was used to predict the 
intensity profile ､ｾ･ｮｳｩｯｮｳＮ＠ The width profile was 
predicted by modelling a symmetrical guide with a depth of 
ＵｾＬ＠ and refractive indices of 2.258, 2.276, and 2.258 for 
the cover, film, and substrate respectively. These values 
of refractive index were obtained from the work of Naden 
and Weiss [5.1] which dealt with planar ion implantation 
in LiNb03. Whilst the intensity profile of a planar 
waveguide is not entirely satisfactory as a prediction for 
the behaviour of stripe guides, it is justified in this 
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case since the exact refractive indices of the ion 
implanted structure, and the complex distribution of 
damage after multiple implantation and annealing are not 
known precisely. Separate depth profile predictions for 
the 1. 5MeV and the 1. 2MeV families were produced in the 
same way, using waveguide depths of 2.88J1.m and 2.331lJR 
respectively , and refractive indices of 1.0, 2.276, and 
2.258, and 1.0, 2.278, and 2.259 respectively. The 
predictions are given in table 5.4 below. 
Ion Guide Refractive Index 1/e Intensity 
Energy Dimension profile 
(MeV) ( p.m) nc nf ns dimension 
( J.Lill ) 
N/A 5.0 2.258 2.276 2.258 3.66 
1.5 2.88 1.0 2.276 2.258 2.10 
1.2 2.33 1.0 2.278 2.259 1.78 
Table 5. 4 Intensity Profile Predictions 
These predictions will be referred to in the following 
discussions. Firstly the width of the profiles is 
discussed for each waveguide family, which is followed by 
a discussion of the depth profiles. 
The 1.5MeV family width p:rofile 
It may be expected that the best mode confinement will 
occur when the refractive index change in the waveguide 
wall is at its' maximum, as predicted by waveguide theory 
(5.7]. Consequently the smallest mode widths should then 
be those of samples 4, 5, 6, and 7, which contain the most 
wall implants. These guides do indeed have the smallest 
profile widths, which are approximately 2. 5,um. Those 
guides with wall implants of 850keV and SOOkeV { i.e. 
100 
samples 1 and 2) have widths of approximately 3J..llll, which 
is larger than those mentioned above. Other guides with 
two wall implants (sample 8) have similar intensity 
profile widths. This suggests that the confinement is 
equally good, which is unlikely since these wall implants 
are much further from the peak field intensity. It is 
more 11kely that the difference in the dimensions of the 
intensity profiles of these two guides is lost in the 
uncertainty of the experiment. Furthermore the 
attenuation results for these guides suggest poorer 
confinement in sample 8 • Finally sample 9 shows that a 
single shallow implant produces the worst confinement, 
since the intensity profile width is the largest of all 
the guides in this family at ＳＮＷｾＮ＠
It is clear that these results follow the trends predicted 
by the hypothesis proposed for the attenuation results. 
The absolute values of the mode intensity profile widths 
are small when compared to the predictions of table 5.3, 
hut are still reasonable. The predicted 1/e width of 
3 • 66J..llll is larger than most of the measured values, but 
this may be due to the inadequacy of the model used, which 
assumes step discontinuities in the refractive index 
profile, or simply that the actual waveguide width is less 
than Ｕｾ＠ due to the lateral spreading of the implanted 
ions, this latter explanation being the most probable. 
The 1. 2MeV fami1y width profile 
Following the explanation given for the l.SMeV family, it 
can be seen that those waveguides in the 1 . 2MeV family 
with the smallest expected intensity profile widths are 
those of samples 15. These guides exhibit 1/e widths of 
approximately ＳＮＳｾＬ＠ which is close to the predicted value 
of 3.6J..llll given in table 5.4. Other guides of the 1.2MeV 
family have similar or slightly larger widths, but the 
difference is not large enough to fully confirm the 
hypothesis given earlier as an explanation of the results 
of the 1 . 5MeV family. The dimensions are, however 1 all 
close to the predicted value 1 and as for the 1. SMeV 
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family, are slightly smaller, once again suggesting a 
waveguide width of less than ＵｾｌｴｮＬ＠ due to spreading of the 
ion beam. The spread of the results of the 1.2MeV family 
is also less than that of the 1. 5Mev family, which would 
also be expected since a single wall implant can change 
the refractive index of a greater part of the waveguide 
wall in the 1. 2Mev family. Therefore less implants are 
required to allow the entire wall to reach 6n saturation. 
Less spread may also be expected because implants are 
typically of lower energy in the 1.2MeV family than in the 
1.5 MeV family, and hence less lateral spread results. 
1/e Intensity Px:ofi1e depths 
The predicted 1/e intensity profile depths are ＲＮＱＰｾ＠ and 
ＱＮＷＸｾ＠ for the 1.5MeV and the 1.2MeV families 
respectively. In all cases the agreement is good between 
the expected and the measured values, and although some 
spread in the experimental results does exist, almost all 
the results lie within the experimental error of 11.2% 
quoted in chapter 4. It is expected that the lateral 
spreading of the wall implants can result in a modified 
lower waveguide boundary. The amount of lateral spreading 
is maximised at high energy, and by non vertical sidewalls 
of the ion implantation mask. Consequently the effect 
will show some random variations which may account for 
the few results which lie outside the experimental error, 
thus revealing a consistent set of results. 
The number of propagating modes 
In this section the number of propagating modes is 
discussed with reference to the waveguide dimensions and 
the shape of ·the ion implantation mask, and compared to 
predictions obtained using the model of Marcatili (5.8]. 
The effect of the lateral spreading of the wall implants 
is also considered, since lateral spreading is maximised 
at high ion energy, and it reduces the waveguide width 
near the bottom of the guide. Although only the 
fundamental mode of each waveguide is presented in tables 
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5.2 and 5.3, each waveguide supported either three or four 
modes in width. The l.. 2Mev supported one mode in depth, 
and the l.. 5MeV family supported one or occasionally two 
modes in depth. A complete characterisation of one 
waveguide is given later for completeness, giving results 
for all modes. 
It can be seen from figure 5 • 2 that the width of an ion 
implantation mask fabricated from a Ｕｾ＠ wide 
photolithographic mask appears to be larger, at 
approximately SJ.llll. This is mainly due to the fact that 
the sidewalls of the mask are not vertical and is a 
limitation of the implantation mask fabrication process. 
computation of the number of propagating modes, using the 
model of Marcatili[5.8] and refractive index data of Naden 
[5.1], shows that an 8Jllll wide waveguide is seen to support 
seven lateral modes. Cut off at four lateral modes 
corresponds to a waveguide width of 5 J.Ul1, as shown in 
figure 5 . 6, which presents the first five lateral modes 
of a waveguide with a width/depth ratio of 2.146, 
corresponding to the waveguides of the 1.2MeV family. The 
vertical line at 2 . 16JJ.In represents the guides in this 
work, and cut off for a given mode is determined when the 
graph crosses the y=O axis • Consequently, if the graph 
crosses this axis to the right of the vertical line, then 
this corresponds to a cut off mode for these waveguides. 
Similarly, if the graph cuts the axis to the left of the 
vertical line then this corresponds to a guided mode. The 
graph is presented in this way to be consistent with the 
presentations of Marcatili. Clearly the 4,1 mode is not 
cut off, but if we consider that the implants that form 
the waveguide walls will spread laterally to some extent, 
then this explains why some waveguides exhibited three 
lateral modes and some four. 
These predictions alone present a discrepancy between the 
apparent implantation mask width and the number of 
propagating modes • If we consider ion implantation around 
a mask with a profile as shown in figure 5. 7, then the 
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number of propagating modes can be explained. Figure 5.7 
shows an exaggerated diagram of the implantation mask 
profile. For ion beams which pass through the wedge 
shaped parts of the mask, energy will be lost and the 
buried damage layer will rise to the surface, therefore 
reducing the actual waveguide width (figure 5. 7a}. Lateral 
spreading of the ion beam will be maximised at high 
energy, which will also help to reduce the actual 
waveguide width (figure 5.7b}. Therefore, even though the 
implantation mask appears to be wider, the resulting 
waveguide width will be close to the width of the original 
photolithographic mask. 
The discussion above demonstrates the importance of the 
effect of the lateral spread of the wall implants. Figure 
5.8 shows lateral spread profiles for implants of 200keV, 
850keV, 1200keV. The profiles were formulated as follows. 
The PRAL model (5.9] predicted a normal ｾｩｳｴｲｩ｢ｵｴｩｯｮＬ＠ and 
hence a standard deviation a, for the lateral spread of a 
single stream of implanted ions arriving at the edge of 
the ion implantation mask. Therefore, if a stream of ions 
further from the mask edge is considered, it will also 
have a normal distribution which extends under the mask to 
some degree. Consequently the total ion concentration at 
any point under the mask, in the guiding region, will be 
given by the integral of an infinite number of lateral ion 
profiles, each originating at a different distance from 
the summation point, XJ., which is the point of interest 
under the mask. Therefore the total lateral spread 
profile s is given by: 
s = 
l J::xp [ dx a {(2TT} 
where x=O is the edge of the mask, and XJ. is the summation 
point 
Then make the substitution 
x = {2 a t where t is a dummy variable 
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Fig. 5.8 The lateral spread profiles of 200kev, 850keV, 
and 1200keV implants. 
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800 
hence 
s = 2:._ Ja: exp( -t2 ) dt 
irr t 1 
This is a standard integral whose solution is given by 
(5 .10]: 
erfc(y) 
consequently 
s 
1 
erfc (t1) 2 
1 x1 
erfc 
2 -{2 a 
erfc 
x1 
..•..•....•.. (5.1) s ex i2 (j 
Therefore we can plot the complementary error function 
given in equation ( 5 .1) to find the lateral ion spread. 
Figure 5 • 8 shows the resultant profiles for three 
different cases. Additional plots were also produced from 
which the graph of figure 5 • 9 ( a) was produced. This 
graph shows the lateral. ion spread as a function of ion 
energy. An arbitrary level. of ion concentration of 50% of 
the peak value was chosen as the reference point for this 
graph. The lateral. .spread shown in figure 5.9 is smaller 
than that predicted by the discussion above, but it should 
noted that no account of temperature related diffusion has 
been made. Previous R.B.S. studies of Barfoot et al [5.4] 
showed that a l.OMeV ｾｰｬ｡ｮｴ＠ had a damage spread which was 
approximately three times larger than that predicted by 
PRAL [5. 9]. If, as a first approximation, a similar 
dependence is assumed here, then a greater lateral spread 
will. result • curve (b) of figure 5.9 demonstrates this 
assumption, showing that the 50% peak ion concentration of 
a J.. 2Mev implant may spread laterally by as much as 
0.85J,Lll\. This discussion further supports the 
experimentally determined number of modes 
waveguides presented here. 
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Fig. 5.9 The lateral spread of ion implants verses ion energy 
(a) Data taken directly from reference [5 .9] 
(b) Data scaled according to reference (5 .4] 
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5.3.4 The effect of mu1tip1e imp1ants on the number of modes 
It was suggested in section 5. 2 .1, from the results of 
table 5 .1, that multiple planar implants increase the 
optical depth of planar waveguides by reducing coupling to 
the substrate region. This suggestion is con finned by 
recent work of Ahmad and Weiss [ 5 .11] , in which the 
effects of multiple implants were studied. The addition 
of a 1 • 6MeV or a 1. ?MeV implant to a 1. 5MeV, 1016 ions 
cm-2 planar guide, increased the number of modes from 2 to 
3 for TM polarised light at a wavelength of 0.633nm. It 
is likely, therefore, that a similar effect occurs for 
stripe guides, and in order to test this hypothesis, a 
sample waveguide from the 1. 5MeV family was subjected to 
an additional planar implant with an energy of 1.7MeV at a 
dose of 1016 ions cm-2, and subsequently annealed . The 
number of depth modes increased from 1 to 2, thereby 
increasing the total number of modes from three to six 
(i.e. 1,1 - 3,1 and 1,2 - 3,2). An intensity depth 
profile of the 3, 2 mode is given in figure 5 .10. Since 
the number of modes was doubled, it became impossible to 
optimise each mode individually, and hence a full 
characterisation was not possible. Therefore, in order to 
gain some idea of the waveguide loss, the attenuation of 
the 3, 2 mode, which was the most easily optimised, was 
measured. A beam/mode overlap of 0.32 was assumed and the 
resulting attenuation was 4. 9dB/cm, which is similar to 
the attenuation of the 1,1 mode of 5. 2 dB/em before the 
addition of the 1. ?MeV implant. The 1/e intensity profile 
depth was J..40p.m for the J.,J. mode before the additional 
implant, and 2. 45p.m for the 3, 2 mode after the implant. 
Therefore, this experiment has demonstrated the 
possibility of increasing the optical depth of the 
waveguide with multiple implants, or conversely, reducing 
the required ion energy to produce single mode (depth) 
waveguides, with the possible reduction of the waveguide 
attenuation. 
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Fig. 5.10 Intensity depth profile of the output from 
the 3,2 mode. 
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5. 4 Pull characterisation of a stripe waveguide 
ｔｨｾｳ＠ ｳ･｣ｴｾｯｮ＠ is ｾｮ｣ｬｵ､･､＠ to show the fu11 characteristics 
of a ｴｹｰｾ｣｡Ｑ＠ ｳｴｲｾｰ･＠ ｷ｡ｶ･ｧｵｾ､･Ｎ＠ A ｧｵｾ､･＠ was selected from 
the 1.5MeV family, which exhibited three lateral and one 
depth mode. This waveguide was fabricated using two wa11 
implants at energies of 850keV and SOOkeV. The ｳ･ｬ･｣ｴｾｯｮ＠
of a guide with few modes made optimisation of each mode 
easier. The output intensity of each mode was recorded, 
the propagation loss (attenuation) calculated, and the l./e 
intensity width and depth profiles measured, as described 
in chapter 4. Since the theory of chapter 2 only allows 
calculation of the beam to waveguide overlap integral for 
the fundamental mode, the attenuation presented below for 
higher order modes contains a systematic underestimate of 
this loss figure since the same overlap is assumed for 
higher order modes as for a fundamental mode of the same 
dimensions, and it is clear that the overlap of the beam 
and higher order modes will be worse than that of the beam 
and the fundamental. The results are given below ｾｮ＠ table 
5 .4, together with predictions produced using the step 
index model of the planar waveguide, as described earlier. 
The output of the 1,1 , 2,1. , and 3,1 modes are shown in 
figure 5 .11. The scale of these photographs is not the 
same. 
Mode 
No. 
2,1 
3,1 
l./e Intensity 
profile wid-t;:h 
( J.L1U) 
1/e Intensity 
profile depth 
( J.Lln) 
actual pred:i.c. actual. predic. 
2.23 3.66 1.40 
5.79 5.04 J.. 84 2.10 
6.13 6.30 1.58 
Attenuation 
(dB/em) 
6.43 
7.00 
11.29 
Table 5 .5 Characterisation of a stripe waveguide 
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Fig. 5.11 The output patterns of the first three modes of a stripe waveguide 
It can be seen from table 5.5 that the mode dimensions are 
not exactly as predicted. These dimensions vary in the 
same way as discussed in the preceding sections, and 
further discussion here is not necessary. The attenuation 
of the waveguide is higher than that of similar ones 
presented in table 5 . 2, but this guide did not have the 
lowest attenuation on this sample, but was chosen for 
its'good modal discrimination. 
The excitation of the waveguides of the ｾＮ＠ 5MeV family 
using light of 1.15J,J.m wavelength was also investigated. 
Some of the guides were found to support modes whilst 
others were cut-off, and those modes supported were not 
well confined. This is explained by the fact that the 
guides are close to cut-off at this wavelength, as 
determined by the step-index planar waveguide model.. 
Lateral spreading of high energy wall. implants may also 
reduce the waveguide depth, resulting in some cut-off 
guides. 
5.5 conc1usion 
This chapter has shown conclusively that low loss optical 
stripe waveguides ( ｾ＠ 1 dB/em) can be fabricated in LiNb03 
using He+ ion implantation, and that the resulting guides 
can be modelled reasonably accurately using the model of 
Marcatili (5.8]. Exact modelling would require additional. 
fundamental work on the three dimensional refractive index 
profile caused by multiple implantation. Furthermore, the 
chapter has offered a guide to any experimenter wishing to 
produce optical stripe guides in LiNb03 with particular 
characteristics. The limitations of the fabrication 
process has been shown to have J.i ttle effect on the 
resulting waveguide dimensions, although it is expected 
that superior fabrication facilities will improve the 
attenuation of the waveguides still further. 
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Chapter 6 
E1ectl:ooptic and photo:refractive effects 
6.1 Introduction 
Interest in integrated optical devices in LiNb03 is 
predominantly due to the electrooptic effect, and its • 
applications in signal processing and communications 
(6.1-6.3]. The most common devices are modulators and 
switches that use the electrooptic effect to produce phase 
changes in the arms of an interferometer, which leads to 
modulation of the output beam. Furthermore, one of the 
most serious drawbacks of the Ti-indiffusion technology is 
the presence of the photorefractive effect [6 .12]. In 
this chapter, both these effects are investigated for ion 
implanted ｌｾＰＳＮ＠
6. 2 The e1ectJ:ooptic effect 
It has been suggested previously [ 6 . 4] that the 
electrooptic effect is reduced by up to 70% in ion 
implanted waveguides, since the fabrication process 
produces damage which destroys the crystal lattice of the 
material. This suggestion of a diminished electrooptic 
coefficient has reduced the interest shown in ion 
implanted optical waveguides in ｌｾＳＬ＠ and therefore the 
progress of this promising technology. 
In this section the fabrication of a phase modulator and 
the measurement of the electrooptic effect in He+ 
implanted optical stripe waveguides is presented, together 
with an experiment which shows that the electrooptic 
coefficient r13 is only reduced by ｾＲＰＥ＠ for applied DC 
voltages, as compared to the previously reported figures 
of Destefanis et al (6.4]. This involved the fabrication 
of an ion implanted optical stripe waveguide with 
electrodes on the surface, on either side of that 
waveguide, hence forming an electrooptical phase 
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6.2.1. 
6.2.2 
modulator. This modulator was used 
interferometer configuration to 
coefficient. 
Fabrication of the pbase modulator 
in a Mach-Zehnder 
measure the 
The phase modulator was fabricated in a y-cut, 
x-propagating ｌｾＳ＠ sample, using the process described 
in chapter 3 • An initial. planar implant at an energy of 
1. 2 MeV, and ion dose of 1016 ions cm-2, was used to 
produce a single mode planar waveguide. A second implant 
at an energy of 0.5 MeV and dose of 5 Xl05 ions cm-2, was 
used to form the waveguide walls, around a thick ion 
implantation mask, which had a nominal width of ＵｾＮ＠ After 
the second implantation step, only the upper portion of 
the implantation mask was removed, leaving a thin strip of 
titanium on the surface, above the guiding region, which 
was used to position the electrodes on either side of the 
waveguide. These electrodes were formed by evaporating 
aluminium onto the sample surface, and defining them using 
photolithography. A 30% phosphoric acid etch was then 
used to remove the unwanted central region of metal. The 
thin underlying strip of titanium was then removed by ion 
beam milling. 
Experimental. configuration 
The experimental set-up is shown in figure . 6.1. A He-Ne 
laser beam of wavelength o. 6328/lll\ was passed through a 
polariser to ensure that the input beam accessed the 
ordinary index (no) of the Li.Nb03 sample. The beam was 
then divided by a beam splitter, one arm acting as a 
reference, the other passing through the sample via input 
and output microscope objectives. The beams were the 
recombined and the net interference pattern expanded by 
the final lens onto a video camera. 
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Fig. 6.1. Electrooptic Measurement Experimental Configuration 
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The sample and objectives were mounted such that ｸｹｺ･ｾ＠
movement was available, and hence some mode selection was 
possible. The fundamental mode was excited during the 
experiment such that the theory of chapter 2 could be 
utilised. 
The output beam consisted of a series of interference 
fringes, formed by the interaction of the two beams. The 
fringes shifted laterally when a DC voltage was applied, 
due to the electrooptically induced phase change in the 
guided beam. By applying a voltage such that the fringes 
shifted by one cycle (2rr radians}, the voltage vrr, for a 
phase change of rr radians, could be determined for a given 
interaction -length (i.e. electrode length). 
The experiment was completed for various electrode 
lengths, given in Table 6 .1. Between experiments the 
electrodes were shortened by etching in 30% phosphoric 
acid solution. 
Electrode Length L (em) 
1.12 
0.83 
0.69 
0.62 
0.50 
Vrr (volts} 
38.47 
55.32 
60.50 
65.63 
87.55 
Table 6 .1 Electrooptic experimental. resu1ts 
Each of the values of Vrr quoted is an average of four 
readings taken during each step of the experiment. A 
graph of Vrr against 1/L was plotted such that its• 
gradient could be determined, and hence the value of r13 
obtained from the equation of chapter 2, given below 
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6.2.3 
The graph is shown in figure 6 . 2 . The value of the 
overlap integral r, was determined using a computer, to be 
r = 0.6382, by applying the approximations of Marcuse 
[ 6 • 5, 6 • 6] • The electrode length was measured using a 
travelling microscope, and the electrode gap measured with 
an optical microscope. The mode dimensions were 
determined using the method described in chapter 4. The 
gradient of the graph of Vu against 1/L was determined by 
performing a least squares fit on the data giving: 
VL 0.4268 v.cm 
leading to a value of r13 of 
r13 8.13 x 1o-12 mv-1 
Throughout the experiment a value of no 2. 278 was 
assumed, after the work of Naden [ 6. 7] . Performing the 
calculation with the value of pure LiNb03 of no = 2. 29 
produces a value of 
which is an insignificant difference. 
Discussion 
Previous values of the D.c. r13 electrooptic coefficient 
are: 
r13 = 9.6 x 1o-12 mv-1 [6.9] 
10.7 x 1o-12 mv-1 [6.9] 
r13 = 11.0 x 10-12 mv-1 [6.10] 
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6.2.4 
These quoted values are approximately 20% higher than the 
value obtained here. This indicates that there is a 20% 
reduction in the r13 electrooptic coefficient of 
implanted material, which is much more favourable than the 
70% and 40% reductions in r33 and r13 respectively, 
reported by Destefanis et al (6.4] 
The results of this experiment may give rise to renewed 
interest in ion implanted optical waveguides, since the 
reported reduction in the electrooptic effect was a 
serious cause for concern, leading ultimately to less 
efficient devices. For reasons given in section 7.2, the 
r33 coefficient could not be measured, but, if we assume 
only a similar reduction in its' value, then the ion 
implantation technology may offer significant advantages, 
over other fabrication processes, if the problems of 
lithium loss (section 7.2) can be overcome. 
This section is included to give an estimate of the 
accuracy of the experiments described above. From 
reference [ 6 .11] , it can be seen that a 'most probable ' 
error analysis is available for uncertainties which are 
not interdependent. If we consider the equation 
it can be seen that the only related uncertainties are 
those of the electrode gap G, and the overlap integral r. 
Since gap G is large relative to the waveguide dimensions, 
it has relatively little effect on the overlap integral, 
and to first approximation, the uncertainties are 
independent. 
wavelength "A, 
Furthermore, the uncertainties in the 
and the refractive index n, are 
insignificant when compared to the uncertainties in the 
other quanti ties • From [ 6 . 11] , the most probable 
uncertainty for a function x, where; 
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6.3 
x = g(a,b,c) and dx is the uncertainty in x, etc. 
then dx is given by 
Therefore, in this case, 
(dr13) 2 ｛ｾｲ＠ [(dG)2 + (dr)2 + (d(VL)2 l n 3rvL G2 r2 (VL)2 
i.e. dr13 3.95 x 10-13 
hence r13 ( 9.13 :1: o.395) x 1.o-12 mv-1 
The Photorefractive Effect 
The photorefractive effect has reduced the usefulness of 
integrated optical technologies for certain applications, 
particularly at shorter wavelengths. Consequently, in 
evaluating the He+ implantation technology, it is useful 
to investigate these effects in waveguides formed by this 
technology. In this section the magnitude of the 
photorefractive effect in ion implanted LiNb03 is 
evaluated. 
Despite the considerable advances made 'in integrated 
optics, utilising LiNb03 crystals, their performance is 
often compromised by the photorefractive effect, which is 
also referred to as optical damage. The effect manifests 
itself as a reduction in the output intensity of a given 
device, which may occur for exposure times between seconds 
and hours. The effect has been known since 1966 [6.1.2], 
and is still not fully understood. It is due to the 
photo-ionisation of crystal impurities by the laser beam, 
leading to charge separation and the establishment of an 
internal electric field. The refractive index of the 
material is then modified by the linear electrooptic 
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6.3.1 
effect of ｌｾＳ＠ [6.13]. It may, therefore, be expected 
that the effect is most obvious when the extraordinary 
refractive index is accessed, since the r33 electrooptic 
coefficient is the largest for LiNb03 • The effect is 
also dependent on the impurity concentration in the 
material, and therefore, any dopant used to form the 
waveguide may contr1bute to the effect. 
In this section an experiment is described in which the 
magnitude of the photorefractive effect in ion implanted 
material was observed. Since the effect is 
impurity-related, and the damage created by ion 
implantation is used to form the waveguide boundaries, it 
was expected that a smaller effect would be observed in 
these waveguides when compared to that in Ti-indiffused 
waveguides, in which an optical power level of 
approximately 100 times less than that required in bulk 
LiNb03, is required to induce optical damage [6.14]. It 
has recently been shown that no optical damage is present 
in planar ion implanted waveguides [6.1S], but the power 
densities of such guides are much lower than would be 
expected for stripe waveguides such as those described 
here, for a given intensity of coupled light. The work 
presented here utilises only the ordinary refractive 
index, and hence the r13 electrooptic coefficient, because 
lithium loss from the surface region during the 
fabrication process prevented confinement of modes of the 
extraordinary wave. 
Exper.i.mental. Configuration 
The experimental arrangement used here was similar to that 
of Figure 4.2, in which a stripe waveguide was excited by 
focusing the output of a He-Ne laser Ｈｘ］ＰＮＶＳＳｾＩ＠ onto its 
endface. During the alignment of the input beam to 
maximise the output intensity, a very low laser intensity 
Ｈ＼ｬｏｾｗＩ＠ was used, which was returned to full intensity at 
the start of the experiment. The output of the waveguide 
was monitored throughout the experiment using a silicon 
125 
6.3.2 
photodiode and an ammeter. The laser output intensity was 
measured periodically, but was not continually monitored 
since this would have involved the introduction of a beam 
splitter and hence a reduction of the optical intensity in 
the waveguide. Allowing for Fresnel reflection, the power 
entering the waveguide was calculated to be 143p.W. By 
measuring 1/e intensity profile width and depth, as 
described in Chapter 2, and assuming a rectangular 
waveguide, an estimate of the input laser power density 
can be made, and gives a value of 9. 3MWjm2 . The output of 
the waveguide was monitored using the silicon photodiode 
whose calibration curve is shown in Figure 4. 4. The 
photocurrent was recorded initially at 1 minute intervals 
for the first 10 minutes, then at 15 -minute intervals for 
the next hour, at hourly intervals for the next 10 hours, 
and finally at 12 hourly intervals. The output was also 
monitored continuously using a chart recorder to produce a 
record of any dramatic changes. 
Throughout the experiment, alignment drift of the laser 
beam and waveguide due to changes in temperature was 
evident, and hence the apparatus required re-optimisation 
periodically. This had little effect on the experiment, 
as shown by the chart recorder, which continuously 
monitored the waveguide output. 
Results of the Photorefractive Experiment 
The trends shown by the results of this experiment are as 
follows. Within the first few minutes of excitation the 
output of the waveguide remained constant at 
approximately 0. 95p.W, but within two hours had risen to 
1. 29J.LW. During the following hours the effective output 
(after allowing for laser output fluctuations) rose slowly 
to finally reach 2. 32J.LW, approximately twice the initial 
intensity, but remaining constant for the last 12 hours. 
These changes show a distinct difference from the results 
of Ti indiffused waveguides in which the output intensity 
is reduced with increasing time(G.lS]. It is thought that 
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the rise in output intensity is due to an annealing effect 
of residual electronic damage in the guiding region, which 
will reach a saturation level when the temperature rise 
reaches ･ｱｵｩｬｾｲｩｵｭＮ＠ Even a small temperature rise will 
cause some annealing, as shown by Naden [ 6 .16 ] , who 
demonstrated long term room temperature annealing, and by 
Ahmad and Weiss [ 6 .17 ] , who demonstrated annealing at 
100°C. 
A simple calculation to establish the temperature rise was 
performed ( neglecting radiation cooling ) , assuming the 
waveguide to consist of a cylindrical tube inside the 
LiNb03 substrate. The surface temperature was predicted 
to rise from 25 °C to 25 . 03 °C (at equilibrium), and the 
internal temperature to 33.8°C. Obviously radiation 
cooling would reduced this figure, but it can be seen that 
a temperature rise is evident from such an experiment and 
therefore annealing will follow. Consequently, this 
･ｸｰ･ｲｾ･ｮｴ＠ demonstrates a significant advantage of the ion 
implantation technology, in that these waveguides do not 
suffer from an intensity reduction due to the 
photorefractive effect, but exhibit properties of laser 
beam annealing. 
6.4 conc1usions 
This chapter has described the measurement of the r13 
electrooptic coefficient in ion implanted material, and 
has demonstrated that ion implanted optical stripe 
waveguides do not suffer from the photorefractive effect, 
as found in waveguides formed by Ti-indiffusion. It has 
been shown that the r13 coefficient is reduced by the ion 
implantation process to approximately 80% of its' value in 
undamaged material. This is a very encouraging result for 
the ion implantation technology, since this shows that 
efficient electrooptical devices may still be fabricated 
using this technology, and the other advantages of the 
process, such as the small photorefractive effect, improve 
prospects still further. 
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The lack of a photorefractive effect in the waveguides is 
thought to be due to the possibility that the damage 
produced by ion implantation into the crystal may produce 
trapping centres for photoionised charge carriers that 
cause the photorefractive, effect via the electrooptic 
effect, thus removing the problem from ion implanted 
guides. Furthermore, since the ion implanted waveguide 
exhibit some annealing during exposure to the laser beam, 
then this suggests a method of removing residual 
electronic damage in the guiding region. Obviously these 
suggestions need further investigation, but these 
observations do increase the potential of the ion 
implantation technique for the production of stripe 
waveguides. 
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Chapter 7 
Concl.usions 
7 .1 :rntxoduction 
This chapter presents a summary of this thesis, offers a 
disscusion, and draws relevant conclusions. 
also prompted ideas which are suitable 
research, and are discussed in section 7 • 4. 
The work has 
for future 
Initially 
however, a brief section is included which discusses the 
reasons for ｬｾｩｴｩｮｧ＠ this work an of investigation of the 
ordinary wave only. 
7. 2 IJhe extraol:dinaey wave 
This thesis has presented a variety of results, and 
discussed them in terms of the fabrication parameters. All 
the results have described properties of the ordinary wave 
because the fabrication process produced a planar region 
of high extraordinary refractive index at the surface of 
each sample, so that lateral confinement of the 
extraordinary wave in two dimensions was impossible. This 
planar region is thought to be due to lithium depletion at 
the sample surface. 
The observation of increased extraordinary index near the 
surface is not new. It was reported by Destefanis [7.1] 
in 1979, although no explanation was given, and more 
recently by Naden [7.2], both of whom were working on ion 
ｾｰｬ｡ｮｴ･､＠ planar waveguides. Naden used the step index 
approximation to infer a film and substrate index, after 
both implantation and annealing, hut did not measure the 
refractive index directly. His results showed that all 
samples excited with T. E. polarised light ( extraordinary 
wave) produced values of extraordinary film index above 
that of virgin material, and ｡ｴｴｲｾｵｴ･､＠ these changes to a 
change in stochiometry due to the loss of lithium from the 
sample surface. 
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ｐｲ･ｶｾｯｵｳ＠ work on bu1k ｭ｡ｴ･ｲｾ｡ｬｳ＠ [7.3] has shown that loss 
of ｌｾＲＰ＠ results in an increase in the ･ｸｴｲ｡ｯｲ､ｾｮ｡ｲｹ＠ index, 
and the existence of an extraordinary guiding layer at the 
surface of the samples in this work is expected to be due 
to the same cause. A1though no direct measurement of the 
lithium profile has been reported, refractive index 
profiles have been studied using a ､ｩｦｦｵｳｾｯｮ＠ model (7.4], 
in which LizO diffusion was again ｰｲ･､ｾ｣ｴ･､Ｎ＠
In this work it is expected that the Li20 diffusion is a 
result of the energy imparted by the incident ion beam, 
since only relatively low temperatures (up to 200°C) are 
used in the fabrication process, and ｬｾｴｨｩｵｭ＠ outdiffused 
waveguides are typically fabricated at temperatures in 
excess of l000°C (7.6]. 
Despite the high probability of lithium loss from the 
guiding layer, direct measurement of the lithium profile 
is necessary for a full understanding of this effect, 
together with additional research on possible processes 
for the ｰｲ･ｶ･ｮｴｾｯｮ＠ andjor cure of ｴｨｾｳ＠ loss, ｳｾｮ｣･＠ it ｾｳ＠ a 
serious drawback to the ion ｩｭｰｬ｡ｮｴ｡ｴｾｯｮ＠ technology in 
L:i.Nb03. The techniques used to inhibit Li20 diffusion in 
the conventional Ti indiffused guides [7.5, 7.6] cannot be 
employed here since they involve high temperature 
processing which woul.d effectively remove the radiation 
damage causing the initial refractive index change. 
7. 3 SU1111DaXY and Discussion 
The section provides a short overview of the work of this 
thesis and discusses some of the problems encountered and 
solutions thereof. Previous work of various experimenters 
(e.g. (7.7]), has established that He+ implantation 
produces a buried layer of reduced refractive index, the 
value of which is determined by the ion dose, and the 
depth of this layer is dependent on the ion energy. 
Chapter 3 of this ｴｨ･ｳｾｳ＠ described a technique of 
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utilising these facts to produce stripe waveguides solely 
by ion implantation, which has been previously proposed 
but never realised . The technique is essentially one in 
which the guiding region is protected by a gold 
implantation mask during exposure to a scanning ion beam, 
which produces radiation damage, and hence a refractive 
index reduction, around the guiding region. The main 
problem in the fabrication of the mask was the 
reproducible production of a continuous gold mask of 
approximately 2 em in length, with a width/depth aspect 
ratio of only 1. 4 ( approximately) • Neither of these 
conditions are usual in the semiconductor microelectronics 
industry. The former condition was the most difficult to 
fulfill, being mostly dependent upon a clean environment, 
and led to a relatively low yield. The latter condition 
was overcome by using a thick photoresist layer, and 
electroplating through patterned windows. The remainder of 
the fabrication process required experimentation to 
determine 
techniques. 
the optimum process parameters andjor 
The walls of the waveguide were produced by successive 
implants around the implantation mask to different depths. 
Suitable depths, and hence energies for these implants 
were determined using the PRAL computer model of the ion 
implantation process [ 7 • 12] , and the required ion doses 
for these implants were determined from the work of Gotz 
and Karge [ 7 • 7] • In section 5. 2 .1 it was shown for the 
ordinary wave, that successive planar implants behave in a 
similar manner to a single implant at an energy of the 
shallowest of the multiple implants, but that the 
effective optical depth of the planar guide is increased 
by the thicker buried damage layer. This provided 
information enabling the avoidance of surface guiding of 
the ordinary wave, alongside the stripe guides. The stripe 
waveguide results of section 5.3 suggested, however, that 
surface wall implants increase the attenuation of a 
stripe waveguide by increasing the scattering loss. 
consequently, it is probable that an additional shallow 
implant of a low dose in the surface of the waveguide 
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walls may alleviate the problem of guiding between the 
shallowest wall implant and the surface, whilst not adding 
significantly to the scattering loss of the stripe guides. 
This technique was not tried here since the implanted dose 
would require some experimentation, but this process 
offers an area of interest for future work. 
The characteristics of the stripe waveguides were 
presented in two groups, the 1.5 MeV family, and the 1.2 
MeV family. Each set of results included measurements of 
the waveguide attenuation and the propagating mode 
dimensions. All results showed that the depth of the wall 
implants determines both the attenuation and the degree of 
lateral confinement of a given mode, for a given waveguide 
depth. In particular the attenuation of a waveguide 
appeared to be determined by two implantation related 
effects:- the degree of optical confinement due to the 
wall implants, and the amount of additional scattering 
introduced into the guiding region, with the lowest 
attenuation being determined at the optimum trade off of 
these two effects. In order to determine accurate values 
of attenuation, the degree of beam to waveguide coupling 
was determined using the field approximations of Marcuse 
(7. 8], and calculating the reflected light due to the 
refractive index mismatch. The overlap of the waveguide 
mode and input beam was calculated using a Prime computer, 
and the refractive index values for the stripe waveguides 
were obtained from the work of Naden [7.2], who produced 
values of the substrate and film refractive indices for a 
variety of implanted ion energies and doses • This work 
was chosen rather than that of other experimenters since 
it was carried out in the same laboratory, using the same 
equipment and conditions. The results, however, did not 
agree precisely with other experimenters [ 7 . 1 and 7 • 7] . 
The discrepancies were attributed to different operating 
conditions, in particular the degree of self annealing 
caused by the sample temperature during implantation, 
which is determined by the thermal conduction efficiency 
of the sample mounting equipment. 
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The trends of the attenuation results of both the 1.5 MeV 
family and the 1.2 MeV family support the hypothesis given 
above, especially when considered in conjunction with the 
dimensional results of the propagating modes. The main 
difference between the results of each fami.ly of 
waveguides is the effect of a single wall implant. All 
wall implants were limited to a constant dose, in order 
that comparison was possible, and it is clear from the 
results of Tables 5. 2 and 5. 3 that the position and the 
combined effect of these wall implants is ｲ･ｳｰｯｮｳｾｬ･＠ for 
both the degree of confinement of the optical mode, and 
the attenuation of the mode. Consequently, optimisation 
of the dose of combined wall implants is expected to lead 
to lower waveguide loss. 
Furthermore, it has been shown that the crystallinity of 
the Li.Nb03 is seriously altered by the ion implantation 
process ( e . g. [ 7 . ? ] ) • This crystallographic damage has 
been characterised into three stages by Gotz and Karge 
[?.?]. The work of Naden [?.2] used a small refractive 
index change of approximately 1%, corresponding to Gotz 
and Karge 's predamage stage, although the dose verses 
damage dependencies of the two experimenters differed. 
This disagreement is almost certainly due to the 
addi tiona! energy imparted by high energy beams in the 
work of Naden, resulting in greater self annealing of the 
radiation damage during the implantation process . The 
degree of self annealing is also dependant on the ion 
current density, and the efficiency of the sample mounting 
apparatus as a heat sink, since all these parameters 
affect the sample temperature during implantation. The 
degree of self annealing may explain why there is still a 
significant electrooptic effect in implanted Li.Nb03, as 
discussed in chapter 6 . Since the crystal is severely 
damaged, it was thought initially that the effect was 
destroyed, but self annealing may help to restore some of 
the crystalline properties of the ｌｾＳＮ＠ Gotz and Karge 
(?.?] showed that even for their saturation damage stage 
for high dose implants, anisotropy ( ne - no ) was still 
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60% of its' original value, lending weight to this theory, 
and suggesting that for much lower damage levels, crystal 
properties may remain to a greater degree than predicted. 
The final aspect of this summary discusses the lack of 
what is traditionally called the photorefractive effect 
[7.10]. Chapter 6 descr1bed an ･ｸｰ･ｲｾ･ｮｴ＠ to observe the 
effect, in which the waveguide output intensity is 
expected to diminish. No reduction was observed and, in 
fact, the output intensity increased. It was suggested in 
section 6.7.3 that this was due to laser annealing, 
removing residual implantation damage in the guiding 
region, in direct opposition to the expected laser induced 
ionisation and charge separation which occurs in the 
photorefractive effect. The possibility of laser 
annealing is supported by waveguide aging studies of Naden 
(7. 2), who showed that over a relatively long period 
( ｡ｰｰｲｯｸｾ｡ｴ･ｬｹ＠ l. year), the loss of ion ｾｰｬ｡ｮｴ･､＠
waveguides reduced. He attributed this effect to room 
temperature 
possible 
annealing. 
alternative 
Not only 
means of 
does this offer a 
annealing stripe 
waveguides, but also suggests that the attenuation of ion 
implanted optical stripe waveguides may be improved by 
initial exposure to a high power laser. Furthermore, and 
most significantly it shows that there is no photorefrac-
tive reduction of the intensity of the mode. Obviously, 
these are initial observations and more research is 
required to determine the extent of these effects, but the 
suggestions make continued research optimistic. Some other 
suggestions for future work are given in the next section. 
7. 4 Future WoJ:k 
some of the fabrication parameters that determine the 
quality of the resultant waveguides have been examined in 
this work, although several have not, such as the effect 
of implant temperature, or the ion dose of wall implants. 
In particular, the dose of the wall implants should be 
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studied, and the effect of dose variations in surface 
implants, which may be included to remove planar guiding 
between the shallowest wall Xmplant and the surface. In 
order that a more complete understanding of the effect of 
wall implants is obtained, radiation damage profiles of 
various multiple implants are necessary, together with 
information relating radiation damage to the changes in 
refractive index. Some work on damage profiles has been 
completed (e.g. [7.7, 7.9]), but these have been limited 
to low energy implants, and consequently not only is 
little known about multiple implantation profiles, but 
also very little is known of the damage that extends from 
deep implants into the guiding region. 
The most serious drawback of the work presented in this 
thesis is the inability of the stripe waveguide to support 
the extraordinary wave. While this effect may be utilised 
to make novel devices such as ordinary wave polarisers, it 
seriously limits the applications of the ion implanted 
technology, since the efficient r33 electrooptic 
coefficient cannot be accessed. Therefore the technology 
cannot be assessed alongside the more established Ti 
indiffusion technology by the manufacture of efficient 
devices such as modulators. In order to compete with this 
established technology, the problem of lithium loss must 
be understood and eliminated. Consequently considerable 
effort is required to study and control this effect in a 
similar way to the control that has been suggested for Ti 
indiffused guides [7 .5, 7 .6]. One solution for certain 
applications would be to use z-propagating ｌｾＳ＠ in which 
the extraordinary wave is inaccessible. 
Other suggestions for future work are more obvious, such 
as the variation of implant temperature, the production of 
stripe waveguides in other crystal orientations, the level 
of self annealing caused by different ion beam current 
densities during the implantation process, and the 
continued study of laser annealing of stripe waveguides. 
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In summary, there is an abundance of work still to be 
completed before the ion implantation technology can 
seriously compete with Ti indiffusion in the production of 
optical devices, but the indications are promising, 
particularly for certain applications such as high power 
handling. 
7.5 Conclusion 
In chapter l. of this thesis, a review of the relevent 
published material was presented. Not only did it reveal 
a lack of work on ion implanted waveguides in general, but 
also a complete absence of work on ion implanted stripe 
ｷ｡ｶｾｧｵｩ､･ｳＮ＠ Consequently, it was the aim of this work to 
begin to rectify this deficiency, to establish a 
fabrication process for such waveguides, and to'stimulate 
further interest in this infant technology. 
The first part of the work was concerned with devising and 
establishing a fabrication process for the stripe 
waveguides. Initial promising results led to the 
refinement of each step, resulting in a ｲ･ｰｲｯ､ｵ｣ｾｬ･＠
process that could be used successfully to fabricate 
optical stripe waveguides using ion implantation. 
Optical evaluation techniques were chosen which would give 
information that could be evaluated in terms of the 
fabrication parameters, and also provide useful 
information to other interested parties. Two distinctly 
different conclusions can be drawn from the results, the 
first encouraging, and the second suggesting that 
considerable further work is required to establish the ion 
implantation technology as a rival to the Ti indiffusion 
process. Firstly it is clear from these results that 
guides with low loss can be fabricated using the 
techniques ､･ｳ｣ｲｾ･､＠ in chapter 3 . The lowest attenuation 
of the guides presented here was 1 dB/em, but it is 
expected that this figure may be reduced by combining the 
optimum conditions of the processes, as descr1bed in 
section 7.4. This waveguide was based on a planar 
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waveguide formed by implanting helium ions with an energy 
of 1.5 MeV at a dose of J.olG ions cm-1. Waveguide walls 
were fabricated using successive He+ implants at energies 
of 850 keV, and soo keV, each with a dose of 5 x 1Ql5 ions 
cm-1. Furthermore, the waveguides exhibited no 
photorefractive reduction in output intensity after long 
laser exposure, and retained good electrooptic properties, 
all of which suggest a promising future for the 
technology. Secondly however, it is also clear that the 
loss of lithium from the sample surface is a very serious 
drawback, and, until a technique to rectify this 
undesirable effect is found, the technology will not be 
considered to be as a suitable as alternative for the 
production of devices and optical circuits. 
Comparison of the results with suitable waveguide models 
offer further encouragement. Section 5.4 showed that the 
simple model of MarcatiJ.i [7 .11] produced results which 
are in good agreement with experimental results . other 
workers (7.2, 7.13] have also shown that an ion 
implantation profile can be approximated by simple models 
such as the step index model. consequently the 
fabrication process can be simply predicted, and design be 
fast and effective. 
Finally, it may be said that the ion implantation 
technique of producing stripe waveguides in LiNb03 has 
considerable potential for becoming an effective and 
economical technology, but that it requires more attention 
from research workers. It has been shown that the 
technology has considerable advantages for some 
applications, and disadvantages for others, and therefore 
the possibility exists that a combination of this 
technology with Ti:indiffusion may prove the most 
fruitful of all, with the relative merits of the different 
technologies being combined. 
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The ｦｯｬｾｯｷｩｮｧ＠ qraphs compare the ｦｾ･ｾ､＠ ｡ｰｰｲｯｾｴｩｯｮ＠ used 
:in Chapter 2 ( the Herm:i.:te-Gaussian funct:Lon). t:o an 
experimental.l.y produced :intensi:ty mode ｰｲｯｦＺｩＮｾ･Ｎ＠ A plot 
o£ the square of the He:cni.te-Ga.ussi.an funct:i.on, whiCh 
represents i.ntens:i.ty proflle 1.s shown :i.n .P:i.g. ａＮｾＬ＠ and 
F:lg. A. 2 shows an ･ｸｰ･ｲｩＮｭ･ｮｴｾｹ＠ produced intens:i. ty plot 
of a propagat:i.ng mode • Pi.ga • ａＮｾ＠ and A.2 agree ｷ･ｾｾ＠
wi.th:i.n experimental. error, thus just:i.fyj.ng the or:i.g:i.naJ. 
approxi:mat:i.on. The experimental ｰｾｯｴ＠ :is taken from 
sample number one of page 92. 
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